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Abstract
Cosmic ray particles with energies in excess of 1020 eV have been detected. The sources as well as
the physical mechanism(s) responsible for endowing cosmic ray particles with such enormous energies
are unknown. This report gives a review of the physics and astrophysics associated with the questions of
origin and propagation of these Extremely High Energy (EHE) cosmic rays in the Universe. After a brief
review of the observed cosmic rays in general and their possible sources and acceleration mechanisms, a
detailed discussion is given of possible “top-down” (non-acceleration) scenarios of origin of EHE cosmic
rays through decay of sufficiently massive particles originating from processes in the early Universe.
The massive particles can come from collapse and/or annihilation of cosmic topological defects (such as
monopoles, cosmic strings, etc.) associated with Grand Unified Theories or they could be some long-
lived metastable supermassive relic particles that were created in the early Universe and are decaying in
the current epoch. The highest energy end of the cosmic ray spectrum can thus be used as a probe of
new fundamental physics beyond Standard Model. We discuss the role of existing and proposed cosmic
ray, gamma-ray and neutrino experiments in this context. We also discuss how observations with next
generation experiments of images and spectra of EHE cosmic ray sources can be used to obtain new
information on Galactic and extragalactic magnetic fields and possibly their origin.
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2
1 Introduction and Scope of This Review
The cosmic rays (CR) of Extremely High Energy (EHE) — those with energy >∼ 1020 eV [1, 2, 3, 6, 7, 8]
— pose a serious challenge for conventional theories of origin of CR based on acceleration of charged
particles in powerful astrophysical objects. The question of origin of these extremely high energy cosmic
rays (EHECR)3 is, therefore, currently a subject of much intense debate and discussions; see Refs. [4, 5, 9],
and Ref. [10] for a recent brief review.
The current theories of origin of EHECR can be broadly categorized into two distinct “scenarios”: the
“bottom-up” acceleration scenario, and the “top-down” decay scenario, with various different models within
each scenario. As the names suggest, the two scenarios are in a sense exact opposite of each other. In the
bottom-up scenario, charged particles are accelerated from lower energies to the requisite high energies in
certain special astrophysical environments. Examples are acceleration in shocks associated with supernova
remnants, active galactic nuclei (AGNs), powerful radio galaxies, and so on, or acceleration in the strong
electric fields generated by rotating neutron stars with high surface magnetic fields, for example. In the
top-down scenario, on the other hand, the energetic particles arise simply from decay of certain sufficiently
massive particles originating from physical processes in the early Universe, and no acceleration mechanism
is needed.
The problems encountered in trying to explain the EHECR in terms of acceleration mechanisms have
been well-documented in a number of studies; see, e.g., Refs. [11, 12, 13, 14]. Even if it is possible, in
principle, to accelerate particles to EHECR energies of order 100 EeV in some astrophysical sources, it
is generally extremely difficult in most cases to get the particles come out of the dense regions in and/or
around the sources without losing much energy. Currently, the most favorable sources in this regard are
perhaps a class of powerful radio galaxies (see, e.g., Refs. [15, 16, 17, 18, 19, 20] for recent reviews and
references to literature), although the values of the relevant parameters required for acceleration to energies
>∼ 100 EeV are somewhat on the side of extreme [13]. However, even if the requirements of energetics are
met, the main problem with radio galaxies as sources of EHECR is that most of them seem to lie at
large cosmological distances, ≫ 100 Mpc, from Earth. This is a major problem if EHECR particles are
conventional particles such as nucleons or heavy nuclei. The reason is that nucleons above ≃ 70 EeV
lose energy drastically during their propagation from the source to Earth due to Greisen-Zatsepin-Kuzmin
(GZK) effect [21, 22], namely, photo-production of pions when the nucleons collide with photons of the
cosmic microwave background (CMB), the mean-free path for which is ∼ few Mpc [23]. This process limits
the possible distance of any source of EHE nucleons to <∼ 100 Mpc. If the particles were heavy nuclei, they
would be photo-disintegrated [24, 25] in the CMB and infrared (IR) background within similar distances
(see Sect. 4 for details). Thus, nucleons or heavy nuclei originating in distant radio galaxies are unlikely to
survive with EHECR energies at Earth with any significant flux, even if they were accelerated to energies
of order 100 EeV at source. In addition, since EHECR are hardly deflected by the intergalactic and/or
Galactic magnetic fields, their arrival directions should point back to their sources in the sky (see Sect. 4
for details). Thus, EHECR offer us the unique opportunity of doing charged particle astronomy. Yet, for
the observed EHECR events so far, no powerful sources along the arrival directions of individual events
are found within about 100 Mpc [26, 12].4
3We shall use the abbreviation EHE to specifically denote energies E >
∼
1020 eV, while the abbreviation UHE for “Ultra-
High Energy” will sometimes be used to denote E >
∼
1 EeV, where 1 EeV = 1018 eV. Clearly UHE includes EHE but not vice
versa.
4Very recently, it has been suggested by Boldt and Ghosh [27] that particles may be accelerated to energies ∼ 1021 eV near
the event horizons of spinning supermassive black holes associated with presently inactive quasar remnants whose numbers
within the local cosmological universe (i.e., within a GZK distance of order 50 Mpc) may be sufficient to explain the observed
EHECR flux. This would solve the problem of absence of suitable currently active sources associated with EHECR. A detailed
model incorporating this suggestion, however, remains to be worked out.
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There are, of course, ways to avoid the distance restriction imposed by the GZK effect, provided
the problem of energetics is somehow solved separately and provided one allows new physics beyond the
Standard Model of particle physics; we shall discuss those suggestions later in this review.
In the top-down scenario, on the other hand, the problem of energetics is trivially solved from the
beginning. Here, the EHECR particles owe their origin to decay of some supermassive “X” particles of
mass mX ≫ 1020 eV, so that their decay products, envisaged as the EHECR particles, can have energies
all the way up to ∼ mX . Thus, no acceleration mechanism is needed. The sources of the massive X
particles could be topological defects such as cosmic strings or magnetic monopoles that could be produced
in the early Universe during symmetry-breaking phase transitions envisaged in Grand Unified Theories
(GUTs). In an inflationary early Universe, the relevant topological defects could be formed at a phase
transition at the end of inflation. Alternatively, the X particles could be certain supermassive metastable
relic particles of lifetime comparable to or larger than the age of the Universe, which could be produced in
the early Universe through, for example, particle production processes associated with inflation. Absence
of nearby powerful astrophysical objects such as AGNs or radio galaxies is not a problem in the top-down
scenario because the X particles or their sources need not necessarily be associated with any specific active
astrophysical objects. In certain models, the X particles themselves or their sources may be clustered in
galactic halos, in which case the dominant contribution to the EHECR observed at Earth would come from
the X particles clustered within our Galactic Halo, for which the GZK restriction on source distance would
be of no concern.
In this report we review our current understanding of some of the major theoretical issues concerning
the origin and propagation of EHECR with special emphasis on the top-down scenario of EHECR origin.
The principal reason for focusing primarily on the top-down scenario is that there already exists a large
number of excellent reviews which discuss the question of origin of ultra-high energy cosmic rays (UHECR)
in general and of EHECR in particular within the general bottom-up acceleration scenario in details; see,
e.g., Refs. [11, 28, 16, 17, 18, 19, 20]. However, for completeness, we shall briefly discuss the salient
features of the standard acceleration mechanisms and the predicted maximum energy achievable for various
proposed sources of UHECR.
We would like to emphasize here that this is primarily a theoretical review; we do not discuss the
experimental issues (for the obvious reason of lack of expertise), although, again, for completeness, we
shall mention the major experimental techniques and briefly review the experimental results concerning
the EHECR. For an excellent historical account of the early experimental developments and the first
claim of detection of an EHECR event, see Ref. [29]. For reviews on UHECR experiments in general and
various kinds of experimental techniques used in detecting UHECR, see Refs. [30, 31, 32]. For a review
of the current experimental situation concerning EHECR, see the recent review by Yoshida and Dai [33].
Overviews of the various currently operating, up-coming, as well as proposed future EHECR experiments
can be found, e.g., in Refs. [5, 9].
By focusing primarily on the top-down scenario, we do not wish to give the wrong impression that
the top-down scenario explains all aspects of EHECR. In fact, as we shall see below, essentially each of
the specific top-down models that have been studied so far has its own peculiar set of problems. Indeed,
the main problem of the top-down scenario in general is that it is highly model dependent and invariably
involves as-yet untested physics beyond the Standard Model of particle physics. On the other hand, it
is precisely because of this reason that the scenario is also attractive — it brings in ideas of new physics
beyond the Standard Model of particle physics (such as Grand Unification) as well as ideas of early-Universe
cosmology (such as topological defects and/or massive particle production in inflation) into the realms of
EHECR where these ideas have the potential to be tested by future EHECR experiments.
The physics and astrophysics of UHECR are intimately linked with the emerging field of neutrino
astronomy as well as with the already established field of γ−ray astronomy which in turn are important
subdisciplines of particle astrophysics (for a review see, e.g., Ref. [34]). Indeed, as we shall see, all scenarios
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of UHECR origin, including the top-down models, are severely constrained by neutrino and γ−ray obser-
vations and limits. We shall also discuss how EHECR observations have the potential to yield important
information on Galactic and extragalactic magnetic fields.
The plan of this review is summarized in the Table of Contents.
Unless otherwise stated or obvious from the context, we use natural units with h¯ = c = kB = 1
throughout.
2 The Observed Cosmic Rays
In this section we give a brief overview of CR observations in general. Since this is a very rich topic
with a tradition of almost 90 years, only the most important facts can be summarized. For more details
the reader is referred to recent monographs on CR [35, 36] and to rapporteur papers presented at the
biennial International Cosmic Ray Conference (ICRC) (see, e.g., Refs. [37, 38, 39]) for updates on the data
situation. The relatively young field of γ−ray astrophysics which has now become an important subfield
of CR astrophysics, can only be skimmed even more superficially and for more information the reader is
referred to the proceedings of the Compton γ−ray symposia and the ICRC and to Refs. [40, 41, 42], for
example. We will only mention those γ−ray issues that are relevant for UHECR physics. Similarly, the
emerging field of neutrino astrophysics [43] will be discussed only in the context of ultra-high energies for
which a possible neutrino component and its potential detection will be discussed later in this review.
2.1 Detection Methods at Different Energies
The CR primaries are shielded by the Earth’s atmosphere and near the ground reveal their existence only
by indirect effects such as ionization. Indeed, it was the height dependence of this latter effect which
lead to the discovery of CR by Hess in 1912. Direct observation of CR primaries is only possible from
space by flying detectors with balloons or spacecraft. Naturally, such detectors are very limited in size
and because the differential CR spectrum is a steeply falling function of energy, roughly in accord with a
power-law with index −2.7 up to an energy of ≃ 2 × 1016 eV (see Fig. 1), direct observations run out of
statistics typically around a few 100TeV (= 1014 eV) [44]. For the neutral component, i.e. γ−rays, whose
flux at a given energy is lower than the charged CR flux by several orders of magnitude, this statistical
limit occurs at even lower energies, for example around 100GeV for the instruments on board the Compton
Gamma Ray Observatory (CGRO) [45]. The space based detectors of charged CR traditionally use nuclear
emulsion stacks such as in the JACEE experiment [46]; now-a-days, spectrometric techniques are also used
which are advantageous for measuring the chemical composition. For γ−rays, for example, the Energetic
Gamma Ray Experiment Telescope (EGRET) on board the CGRO uses spark chambers combined with a
NaI calorimeter.
Above roughly 100TeV, the showers of secondary particles created in the interactions of the primary
CR with the atmosphere are extensive enough to be detectable from the ground. In the most traditional
technique, charged hadronic particles, as well as electrons and muons in these Extensive Air Showers (EAS)
are recorded on the ground [47] with standard instruments such as water Cherenkov detectors used in the
old Volcano Ranch [1] and Haverah Park [3] experiments, and scintillation detectors which are used now-
a-days. Currently operating ground arrays for UHECR EAS are the Yakutsk experiment in Russia [6] and
the Akeno Giant Air Shower Array (AGASA) near Tokyo, Japan, which is the largest one, covering an area
of roughly 100 km2 with about 100 detectors mutual separated by about 1 km [8]. The Sydney University
Giant Air Shower Recorder (SUGAR) [2] operated until 1979 and was the largest array in the Southern
hemisphere. The ground array technique allows one to measure a lateral cross section of the shower profile.
The energy of the shower-initiating primary particle is estimated by appropriately parametrizing it in terms
a measurable parameter; traditionally this parameter is taken to be the particle density at 600 m from the
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shower core, which is found to be quite insensitive to the primary composition and the interaction model
used to simulate air showers [48].
The detection of secondary photons from EAS represents a complementary technique. The experimen-
tally most important light sources are the fluorescence of air nitrogen excited by the charged particles in
the EAS and the Cherenkov radiation from the charged particles that travel faster than the speed of light
in the atmosphere. The first source is practically isotropic whereas the second one produces light strongly
concentrated on the surface of a cone around the propagation direction of the charged source. The fluores-
cence technique can be used equally well for both charged and neutral primaries and was first used by the
Fly’s Eye detector [7] and will be part of several future projects on UHECR (see Sect. 2.6). The primary
energy can be estimated from the total fluorescence yield. Information on the primary composition is
contained in the column depth Xmax (measured in g cm
−2) at which the shower reaches maximal particle
density. The average of Xmax is related to the primary energy E by
〈Xmax〉 = X ′0 ln
(
E
E0
)
. (1)
Here, X ′0 is called the elongation rate and E0 is a characteristic energy that depends on the primary
composition. Therefore, if Xmax and X
′
0 are determined from the longitudinal shower profile measured
by the fluorescence detector, then E0 and thus the composition, can be extracted after determining the
E from the total fluorescence yield. Comparison of CR spectra measured with the ground array and
the fluorescence technique indicate systematic errors in energy calibration that are generally smaller than
∼ 40%. For a more detailed discussion of experimental EAS analysis with the ground array and the
fluorescence technique see, e.g., the recent review by Yoshida and Dai [33] and Refs. [30, 31, 32].
In contrast to the fluorescence light, for a given primary energy, the output in Cherenkov light is much
larger for γ−ray primaries than for charged CR primaries. In combination with the so called imaging tech-
nique — in which the Cherenkov light image of an electromagnetic cascade in the upper atmosphere (and
thus also the primary arrival direction) is reconstructed [49] — the Cherenkov technique is one of the best
tools available to discriminate γ−rays from point sources against the strong background of charged CR.
This technique is used, for example, by the High Energy Gamma Ray Astronomy (HEGRA) experiment
(now 5 telescopes of 8.5m2 mirror area) [50] and by the 10 meter Whipple telescope [51] with threshold
energies of ≃ 500GeV and 200GeV, respectively. In the Southern hemisphere, the Collaboration of Aus-
tralia and Nippon (Japan) for a GAmma Ray Observatory in the Outback (CANGAROO) experiment [52]
currently consists of two 7 meter imaging atmospheric Cherenkov telescopes at Woomera, Australia, with
an energy threshold of 200 GeV.
Another new experiment which is at the completion stages of construction and testing is the Multi-
Institution Los Alamos Gamma Ray Observatory (MILAGRO) [53] which is a water (rather than atmospheric)-
Cherenkov detector that detects electrons, photons, hadrons and muons in EAS, has a 24-hour duty cycle,
“all-sky” coverage, and good angular resolution (≤ 0.4◦ at 10 TeV), and is sensitive to γ−rays in the
energy range from ∼ 200GeV to ∼ 100TeV. For γ−rays, therefore, an as yet unexplored window be-
tween a few tens of GeV and ≃ 200GeV remains which may soon be closed by large-area atmospheric
Cherenkov detectors [54]. For a detailed review of this field of very high energy γ−ray astronomy see, e.g.,
Refs. [40, 41, 42].
Finally, muons of a few hundred GeV and above have penetration depths of the order of a kilometer even
in rock and can thus be detected underground. The Monopole Astrophysics and Cosmic Ray Observatory
(MACRO) experiment [55], for example, located in the Gran Sasso laboratory near Rome, Italy, has a rock
overburden of about 1.5 km, consists of ≃ 600 tons of liquid scintillator and acts as a giant time-of-flight
counter. Operated in coincidence with the Cherenkov telescope array EAS-TOP [56] located above it, it
can for instance be used to study the primary CR composition around the “knee” region [57] (see Fig. 1).
A similar combination is represented by the Antarctic Muon And Neutrino Detector Array (AMANDA)
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detector and the South Pole Air ShowEr array (SPASE) of scintillation detectors. AMANDA consists of
strings of photomultiplier tubes of a few hundred meters in length deployed in the antarctic ice at depths
of up to 2 km, and reconstructs tracks of muons of energies in the TeV range [58].
2.2 The Measured Energy Spectrum
Fig. 1 shows a compilation of the CR all-particle spectrum over the whole range of energies observed through
different experimental strategies as discussed in Sect. 2.1. The spectrum exhibits power law behavior over
a wide range of energies, but comparison with a fit to a single power law (dashed line in Fig. 1) shows
significant breaks at the “knee” at ≃ 4 × 1015 eV and, to a somewhat lesser extent, at the “ankle” at
≃ 5 × 1018 eV. The sharpness of the knee feature is a not yet resolved experimental issue, particularly
because it occurs in the transition region between the energy range where direct measurements are available
and the energy range where the data come from indirect detection by the ground array techniques whose
energy resolution is typically 20% or worse [44]. For example, the EAS-TOP array observed a sharp spectral
break at the knee within their experimental resolution [59], whereas the AGASA [60] and CASA-MIA [61]
data support a softer transition.
Figs. 2–6 show the CR data above 1017 eV measured by different experiments. The ankle feature was
first discussed in detail by the Fly’s Eye experiment [7]. The slope between the knee and up to ≃ 4×1017 eV
is very close to 3.0 (Fig. 1); then it seems to steepen to about 3.2 up to the dip at ≃ 3 × 1018 eV, after
which it flattens to about 2.7 above the dip. As will be discussed in Sect. 2.4, the Fly’s Eye also found
evidence for a change in composition to a lighter component above the ankle, that is correlated with the
change in spectral slope.
The situation at the high end of the CR spectrum is as yet inconclusive and represents the main
subject of the recent strong increase of theoretical and experimental activities in UHECR physics which
also motivated the present review. The present data (see Figs. 2–6) seem to reveal a steepening just
below 1020 eV, but above that energy significantly more events have been seen than expected from an
extrapolation of the GZK “cutoff” at ≃ 1020 eV. This is perhaps the most puzzling and hence interesting
aspect of UHECR because a cutoff is expected at least for extragalactic nucleon primaries irrespective of
the production mechanism (see Sect. 4.1). Even for conventional local sources, the maximal energy to
which charged primaries can be accelerated is expected to be limited (see Sect. 5) and it is generally hard
to achieve energies beyond the cutoff energy.
2.3 Events above 1020 eV
The first published event above 1020 eV was observed by the Volcano Ranch experiment [1]. The Haverah
Park experiment reported 8 events around 1020 eV [3], and the Yakutsk array saw one event above this
energy [6]. The SUGAR array in Australia reported 8 events above 1020 eV [2], the highest one at 2×1020 eV.
The world record holder is still a 3.2× 1020 eV event which was the only event above 1020 eV observed by
the Fly’s Eye experiment [7], on 15 October 1991. Probably the second highest event at ≃ 2.1× 1020 eV in
the world data set was seen by the AGASA experiment [8] which meanwhile detected a total of 6 events
above 1020 eV (see Fig. 2). The Fly’s Eye and the AGASA events have been documented in detail in the
literature and it seems unlikely that their energy has been overestimated by more than 30%. For more
detailed experimental information see, e.g., the review [33]. Theoretical and astrophysical implications of
these events are a particular focus of the present review. For an overview of specific source searches for
these events see Sect. 4.6.
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2.4 Composition
We will discuss the question of composition here only for CR detected by ground based EAS detectors,
i.e., for CR above ∼ 100TeV, only. Information on the chemical composition is mainly provided by the
muon content in case of ground arrays and by the depth of shower maximum for optical observation of the
EAS. Just to indicate the qualitative trend we mention that, for a given primary energy, a heavier nucleus
produces EAS with a higher muon content and a shower maximum higher up in the atmosphere on average
compared to those for a proton shower. The latter property can be understood by viewing a nucleus as
a collection of independent nucleons whose interaction probabilities add, leading to a faster development
of the shower on average. The higher muon content in a heavy nucleus shower is due to the fact that,
because the shower develops relatively higher up in the atmosphere where the atmosphere is less dense, it
is relatively easier for the charged pions in a heavy nucleus shower to decay to muons before interacting
with the medium.
The spectral and compositional behavior around the knee at ≃ 4 × 1015 eV may play a crucial role in
attempts to understand the origin and nature of CR in this energy range, as will be discussed in little
more detail in Sect. 3. Indeed, there are indications that the chemical composition becomes heavier with
increasing energies below the knee [44]. Around the knee the situation becomes less clear and most of the
experimental results, such as from the SOUDAN-2 [62], the HEGRA [63], and the KArlsruhe Shower Core
and Array DEtector (KASCADE) [64] experiments, seem to indicate a substantial proton component and
no significant increase in primary mass. Recent results, for example, from the Dual Imaging Cherenkov
Experiment (DICE) seem to indicate a lighter composition above the knee which may hint to a transition
to a different component [65], but evidence for an inreasingly heavy composition above the knee has also
been reported by the KASCADE collaboration [66] and by HEGRA [67].
Based on the analysis discussed above, Eq. (1), the Fly’s Eye collaboration reported a composition
change from a heavy component below the ankle to a light component above, that is correlated with the
spectral changes around the ankle [7]. However, this was not confirmed by the AGASA experiment [8, 33].
In addition, there have been suggestions that the observed energy dependence of 〈Xmax〉 could be caused
by air shower physics rather than an actual composition change [68].
One signature of a heavy nucleus primary would be the almost simultaneous arrival of a pair of EASs
at the Earth. Such pairs would be produced by photodisintegration of nuclei by solar photons and could
be used to measure their mass, as was pointed out quite early on [69]. This effect has been reconsidered
recently in light of existing and proposed UHECR detectors [70, 71].
At the highest energies, observed EAS seem to be consistent with nucleon primaries, but due to poor
statistics and large fluctuations from shower to shower, the issue is not settled yet. Some scenarios of
EHECR origin, such as the top-down scenario discussed in Sects. 6 and 7, predict the EHECR primaries to
be dominated by photons and neutrinos rather than nucleons. Distinguishing between photon and nucleon
induced showers is, however, extremely difficult at UHE and EHE regions — the standard muon-poorness
criterion of photon induced showers relative to nucleon induced showers, applicable at lower (1014 – 1016 eV)
energies, does not apply to the UHE region. It has been claimed that the highest energy Fly’s Eye event
is inconsistent with a γ−ray primary [72]. It should be noted, however, that at least for electromagnetic
showers, EAS simulation at EHE is complicated by the Landau-Pomeranchuk-Migdal (LPM) effect and
by the influence of the geomagnetic field [73]. Furthermore, in the simulations, EAS development depends
to some extent on the hadronic interaction event generator which complicates data interpretation [74].
Definite conclusions on the composition of the EHECR, therefore, have to await data from next generation
experiments. Together with certain characteristic features of the photon induced EHECR showers due
to geomagnetic effects [73], the large event statistics expected from the next generation experiments will
hopefully allow to distinguish between photon and nucleon EHECR primaries. In turn, accelerator data
together with EAS data can be used to constrain, for example, the cross section of protons with air nuclei
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at center of mass energies of 30 TeV [75].
The hypothesis of neutrinos or new neutral particles as EHECR primaries will be discussed in Sect. 4.3.1
and 4.3.2, respectively.
2.5 Anisotropy
For a recent compilation and discussion of anisotropy measurements see Ref. [76]. Fig. 7 shows the summary
figure from that reference. Implications of these anisotropy measurements will be discussed briefly in
the next section where we discuss the origin of CR in general. For discussions of subtleties involved in
the measurements and interpretation of anisotropy data, choice of coordinate systems used in presenting
anisotropy results etc., see e.g., Ref. [30].
The anisotropy amplitude is defined as
|δ| = Imax − Imin
Imax + Imin
, (2)
where Imin and Imax are the minimum and maximum CR intensity as a function of arrival direction. Very
recently, results have been presented on the anisotropy of the CR flux above ≃ 1017 eV from the Fly’s
Eye [77] and the AGASA [78] experiments. Both experiments report a small but statistically significant
anisotropy of the order of 4% in terms of Eq. (2) toward the Galactic plane at energies around 1018 eV.
These analyses did not reveal a significant correlation with the Supergalactic Plane, whereas earlier work
seemed to indicate some enhancement of the flux from this plane [79, 80, 81].
In addition, the newest data seem to indicate that also the events above 1020 eV are consistent with
an isotropic distribution on large scales [82], as far as that is possible to tell from about 15 events in the
world data set. At the same time, there seems to be significant small scale clustering [83].
2.6 Next-generation Experiments on Ultrahigh Energy Cosmic Ray, γ−Ray, and Neu-
trino Astrophysics
As an upscaled version of the old Fly’s Eye Cosmic Ray experiment, the High Resolution Fly’s Eye
detector is currently under construction at Utah, USA [84]. Taking into account a duty cycle of about
10% (a fluorescence detector requires clear, moonless nights), the effective aperture of this instrument will
be ≃ 600 km2 sr, about 10 times the AGASA aperture, with a threshold around 1017 eV. Another project
utilizing the fluorescence technique is the Japanese Telescope Array [85] which is currently in the proposal
stage. Its effective aperture will be about 15-20 times that of AGASA above 1017 eV, and it can also be
used as a Cherenkov detector for TeV γ−ray astrophysics. Probably the largest up-coming project is the
international Pierre Auger Giant Array Observatories [86] which will be a combination of a ground array
of about 1700 particle detectors mutually separated from each other by about 1.5 km and covering about
3000 km2, and one or more fluorescence Fly’s Eye type detectors. The ground array component will have a
duty cycle of nearly 100%, leading to an effective aperture about 200 times as large as the AGASA array,
and an event rate of 50–100 events per year above 1020 eV. About 10% of the events will be detected by
both the ground array and the fluorescence component and can be used for cross calibration and detailed
EAS studies. The energy threshold will be around 1019 eV. For maximal sky coverage it is furthermore
planned to construct one site in each hemisphere. The southern site will be in Argentina, and the northern
site probably in Utah, USA.
Recently NASA initiated a concept study for detecting EAS from space [87] by observing their flu-
orescence light from an Orbiting Wide-angle Light-collector (OWL). This would provide an increase by
another factor ∼ 50 in aperture compared to the Pierre Auger Project, corresponding to an event rate of
up to a few thousand events per year above 1020 eV. Similar concepts such as the AIRWATCH [88] and
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Maximum-energy air-Shower Satellite (MASS) [89] missions are also being discussed. The energy threshold
of such instruments would be between 1019 and 1020 eV. This technique would be especially suitable for
detection of very small event rates such as those caused by UHE neutrinos which would produce horizontal
air showers (see Sect. 7.4). For more details on these recent experimental considerations see Ref. [9].
New experiments are also planned in γ−ray astrophysics. The Gamma ray Large Area Space Telescope
(GLAST) [90] detector is planned by NASA as an advanced version of the EGRET experiment, with an
about 100 fold increase in sensitivity at energies between 10 MeV and 200 GeV. For new ground based
γ−ray experiments we mention the Very Energetic Radiation Imaging Telescope Array System (VERITAS)
project [92] which consists of eight 10 meter optical reflectors which will be about two orders of magnitude
more sensitive between 50 GeV and 50 TeV than WHIPPLE. A similar next generation atmospheric imaging
Cherenkov system with up to 16 planned telescopes is the High Energy Stereoscopic System (HESS)
project [93]. Furthermore, the Mayor Atmospheric Gamma-ray Imaging Cherenkov Telescope (MAGIC)
project [94] aims to build a very large atmospheric imaging Cherenkov telescope with 220m2 mirror area
for detection of γ−rays between 10 GeV and 300 GeV, i.e. within the as yet unexplored window of γ−ray
astrophysics. The CANGAROO experiment in Australia plans to upgrade to four 10 meter telescopes
and lower the threshold to 100 GeV. Finally, another strategy to explore this window utilizes existing
solar heliostat arrays, and is represented by the Solar Tower Atmospheric Cherenkov Effect Experiment
(STACEE) [95] in the USA, the ChErenkov Low Energy Sampling & Timing Experiment (CELESTE) in
France [96], and the German-Spanish Gamma Ray Astrophysics at ALmeria (GRAAL) experiment [97].
High energy neutrino astronomy is aiming towards a kilometer scale neutrino observatory. The major
technique is the optical detection of Cherenkov light emitted by muons created in charged current reactions
of neutrinos with nucleons either in water or in ice. The largest pilot experiments representing these two
detector media are the now defunct Deep Undersea Muon and Neutrino Detection (DUMAND) experi-
ment [98] in the deep sea near Hawai and the AMANDA experiment [58] in the South Pole ice. Another
water based experiment is situated at Lake Baikal [99]. Next generation deep sea projects include the
French Astronomy with a Neutrino Telescope and Abyss environmental RESearch (ANTARES) [101] and
the underwater Neutrino Experiment SouthwesT Of GReece (NESTOR) project in the Mediterranean [102],
whereas ICECUBE [103] represents the planned kilometer scale version of the AMANDA detector. Also
under consideration are neutrino detectors utilizing techniques to detect the radio pulse from the electro-
magnetic showers created by neutrino interactions in ice [104]. This technique could possibly be scaled
up to an effective area of 104 km2 and a prototype is represented by the Radio Ice Cherenkov Experiment
(RICE) experiment at the South Pole [105]. The radio technique might also have some sensitivity to the
flavor of the primary neutrino [106]. Neutrinos can also initiate horizontal EAS which can be detected
by giant ground arrays such as the Pierre Auger Project [107, 108]. Furthermore, as mentioned above,
horizontal EAS could be detected from space by instruments such as the the proposed OWL detector [87].
Finally, the search for pulsed radio emission from cascades induced by neutrinos or cosmic rays above
∼ 1019 eV in the lunar regolith could also lead to interesting limits [109]. More details on neutrino astron-
omy detectors are contained in Refs. [110, 43, 111], and some recent overviews on neutrino astronomy can
be found in Ref. [112, 113].
3 Origin of Bulk of the Cosmic Rays: General Considerations
The question of origin of cosmic rays continues to be regarded as an “unsolved problem” even after almost
ninety years of research since the announcement of their discovery in 1912. Although the general aspects of
the question of CR origin are regarded as fairly well-understood now, major gaps and uncertainties remain,
the level of uncertainty being in general a function that increases with energy of the cosmic rays.
The total CR energy density measured above the atmosphere is dominated by particles with energies
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between about 1 and 10 GeV. At energies below ≃ 1GeV the intensities are temporally correlated with
the solar activity which is a direct evidence for an origin at the Sun. At higher energies, however, the flux
observed at Earth exhibits a temporal anticorrelation with solar activity and a screening whose efficiency
increases with the strength of the solar wind, indicating an origin outside the solar system. Several
arguments involving energetics, composition, and secondary γ−ray production suggest that the bulk of
the CR between 1 GeV and at least up to the knee region (see Fig. 1) is confined to the Galaxy and is
probably produced in supernova remnants (SNRs). Between the knee and the ankle the situation becomes
less clear, although the ankle is sometimes interpreted as a cross over from a Galactic to an extragalactic
component. Finally, beyond ≃ 10EeV, CR are generally expected to have an extragalactic origin due to
their apparent isotropy, but ways around this reasoning have also been suggested.
In the following, we give a somewhat more detailed account of these general considerations, separat-
ing the discussion into issues related to energetics, Galactic versus extragalactic origin, and acceleration
mechanisms and the possible sources of CR. We reserve a more comprehensive discussion of the origin of
UHECR above ∼ 1017 eV (which make only a small part of the total CR energy density, but are the main
focus of this review) for Sects. 5 and 6.
3.1 Energetics
As mentioned above, the bulk of the CR observed at the Earth is of extrasolar origin. The average energy
density of CR is thus expected to be uniform at least throughout most of the Galaxy. If CR are universal,
their density should be constant throughout the whole Universe. As a curiosity we note in this context
that the mean energy density of CR, uCR, is comparable to the energy density of the CMB. It is not
clear, however, what physical process could lead to such an “equilibration”, which is thus most likely just
a coincidence. We will see in the following that indeed a universal origin of bulk of the CR is now-a-days
not regarded as a likely possibility.
If the CR accelerators are Galactic, they must replenish for the escape of CR from the Galaxy in
order to sustain the observed Galactic CR differential intensity j(E). Their total luminosity in CR must
therefore satisfy LCR = (4π/c)
∫
dEdV tCR(E)
−1Ej(E), where tCR(E) is the mean residence time of CR
with energy E in the Galaxy and V is the volume. tCR(E) can be estimated from the mean column density,
X(E), of gas in the interstellar medium that Galactic CR with energy E have traversed. Interaction of
the primary CR particles with the gas in the interstellar medium leads to production of various secondary
species. From the secondary to primary abundance ratios of Galactic CR it was infered that [114]
X(E) = ρgtCR(E) ≃ 6.9
(
E
20Z GeV
)−0.6
g cm−2 , (3)
where ρg is the mean density of interstellar gas and Z is the mean charge number of the CR particles.
The mean energy density of CR and the total mass of gas in the Milky Way that have been inferred
from the diffuse Galactic γ−ray, X-ray and radio emissions are uCR = (4π/c)
∫
dEEj(E) ≃ 1 eV cm−3 and
Mg ∼ ρgV ∼ 4.8× 109M⊙, respectively. Hence, simple integration yields
LCR ∼Mg
∫
dE
Ej(E)
X(E)
∼ 1.5× 1041 erg sec−1 . (4)
This is about 10% of the estimated total power output in the form of kinetic energy of the ejected material
in Galactic supernovae which, from the energetics point of view, could therefore account for most of the
CR. We note that the energy release from other Galactic sources, e.g. ordinary stars [35] or isolated
neutron stars [115] is expected to be too small, even for UHECR5. Together with other considerations (see
5This conclusion may, however, change somewhat with the recent detection of certain soft-gamma repeaters [116] which
seem to indicate the existence of a subclass of pulsars with dipole magnetic fields as large as a few times 1014 G. This may
increase the available magnetic energy budget from pulsars by two to three orders of magnitude.
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Sect. 3.2) this leads to the widely held notion that CR at least up to the knee predominantly originate
from first-order Fermi acceleration (see below) in SNRs.
Another interesting observation is that the energy density in the form of CR is comparable both to the
energy density in the Galactic magnetic field (∼ 10−6G) as well as that in the turbulent motion of the gas,
uCR ∼ B
2
8π
∼ 1
2
ρgv
2
t , (5)
where ρg and vt are the density and turbulent velocity of the gas, respectively. This can be expected
from a pressure equilibrium between the (relativistic) CR, the magnetic field, and the gas flow. If Eq. (5)
roughly holds not only in the Galaxy but also throughout extragalactic space, then we would expect the
extragalactic CR energy density to be considerably smaller than the Galactic one which is another argument
in favor of a mostly Galactic origin of the CR observed near Earth (see Sect.3.2). We note, however, that,
in order for Eq. (5) to hold, typical CR diffusion time-scale over the size of the system under consideration
must be smaller than its age. This is not the case, for example, in clusters of galaxies if the bulk of CR
are produced in the member galaxies or in cluster accretion shocks [117].
3.2 Galactic versus Extragalactic Origin of the Bulk of the CR
The energetical considerations mentioned above already provide some arguments in favor of a Galactic
origin of the bulk of the CR. Another argument involves the production of secondary γ−rays from the
decays of neutral pions produced in interactions of CR with the baryonic gas throughout the Universe:
For given densities of the CR and the gas, the resulting γ−ray flux can be calculated quite reliably [118]
and the predictions can be compared with observations. This has been done, for example, for the Small
Magellanic Cloud (SMC). The observed upper limits [119] turn out to be a factor of a few below the
predictions assuming a universal CR density. The CR density at the SMC should, therefore, be at least a
factor of a few smaller than the local Galactic density.
As a second test we mention the search for a CR gradient (e.g., [120, 121, 122]: For a Galactic CR
origin one expects a decrease of CR intensity with increasing distances from the Galactic center which
should be encoded in the secondary γ−ray emission that can be measured by space based instruments such
as EGRET. The observational situation is, however, not completely settled yet [123]. Whereas the spatial
variation of the γ−ray flux fits rather well, the observed spectrum appears to be too flat compared to
the one expected from the average CR spectrum. Since the average CR spectrum throughout the Galaxy
is generally steepened (compared to the spectrum at the source) by diffusion in Galactic magnetic fields,
the observed relatively flat secondary γ−ray spectrum may be interpreted as if the secondary γ−rays are
produced by CR interactions mainly at the (Galactic) sources rather than in the interstellar medium. This
interpretation, however, requires that the escape time of CR from their sources be energy-independent.
Some information on CR origin is in principle also contained in the distribution of their arrival directions
which has been discussed in Sect. 2.5 (see Fig. 7). Below ∼ 1014 eV, the amplitude of the observed
anisotropy, ∼ 10−3, is statistically significant and roughly energy independent. Above 1014 eV, observed
anisotropy amplitudes are generally statistically insignificant with possible exceptions between ≃ 1015 eV
and 1016 eV [76] and again close to 1018 eV, the latter correlated with the Galactic plane [77, 78]. A possible
clustering towards the Supergalactic Plane for energies above a few tens of EeV was claimed [79, 80, 81],
but has not been confirmed by more recent studies [77, 78]. Since charged CR at these energies are hardly
deflected by the Galactic magnetic field, the apparent lack of any significant anisotropy associated with the
Galactic plane implies that the high energy end of the CR spectrum is most likely to have an extragalactic
origin (see Sect. 4.6).
For Galactic sources, detailed models of CR diffusion and γ−ray production in the Galaxy have been
developed (see, e.g., Ref. [125]). These models are generally based on the energy loss - diffusion equation
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that will be discussed below in the context of UHECR propagation [see Eq. (36)], with the diffusion constant
generalized to a diffusion tensor. This tensor and other parameters in these models can be obtained from
fits to the observed abundances of nuclear isotopes. It is often sufficient to consider a simplified model,
the so called “leaky box” model (see Refs. [35, 36] for detailed discussions) in which the diffusion term is
approximated by a loss term involving a CR containment time tCR. Fits to the data lead to tCR ∼ 107 yr
below ∼ 1016 eV with only a weak energy dependence. This is in turn consistent with observed anisotropies
which, below ∼ 1014 eV, can be interpreted by the Compton-Getting effect [126] which describes the effect
of the motion of the observer relative to an isotropic distribution of CR. In this case the relative motion is
a combination of the motion of the solar system within the Galaxy and the drift motion of the charged CR
diffusing and/or convecting in the interstellar medium. The magnitude and the weak energy dependence
of the anisotropy in this energy range can be interpreted as arising out of diffusion of CR predominantly
along the tangled incoherent component of the Galactic magnetic field. In summary, CR composition and
anisotropy data provide further evidence for a Galactic origin for energies at least up to the knee region of
the spectrum.
In this context, the knee itself is often interpreted as a magnetic deconfinement effect such that CR
above the knee leave the Galaxy relatively faster, leading to steepening of the spectrum above the knee.
In addition, the maximum energy achieved in shock acceleration is proportional to the primary charge and
could also lead to a spectral steepening (see Sect. 3.3). Alternatively, the knee has also been interpreted
as being caused by the flux contribution from a strong single source [127].
Finally, since the range of electrons above ∼ 1011 eV becomes smaller than tCR due to synchrotron and
inverse Compton losses, the electronic CR component at such energies, which is about 1% of the hadronic
flux, is undoubtedly of Galactic origin. This can also be explained by acceleration in SNRs.
3.3 Acceleration Mechanisms and Possible Sources
There are basically two kinds of acceleration mechanisms considered in connection with CR acceleration:
(1) direct acceleration of charged particles by an electric field, and (2) statistical acceleration (Fermi
acceleration) in a magnetized plasma.
In the direct acceleration mechanism, the electric field in question can be due, for example, to a rotating
magnetic neutron star (pulsar) or, a (rotating) accretion disk threaded by magnetic fields, etc. The details
of the actual acceleration process and the maximum energy to which a particle can be accelerated depend
on the particular physical situation under consideration. For a variety of reasons, the direct acceleration
mechanisms are, however, not widely favored these days as the CR acceleration mechanism. Apart from
disagreements among authors about the crucial details of the various models, a major disadvantage of
the mechanism in general is that it is difficult to obtain the characteristic power-law spectrum of the
observed CR in any natural way. However, as pointed out by Colgate [128], a power law spectrum does not
necessarily point to Fermi acceleration, but results whenever a fractional gain in energy of a few particles
is accompanied by a significantly larger fractional loss in the number of remaining particles. We will not
discuss the direct acceleration mechanism in any more details, and refer the reader to reviews, e.g., in
Ref. [35, 11, 15, 128].
The basic idea of the statistical acceleration mechanism originates from a paper by Fermi [129] in 1949:
Even though the average electric field may vanish, there can still be a net transfer of macroscopic kinetic
energy of moving magnetized plasma to individual charged particles (“test particles”) in the medium due
to repeated collisionless scatterings (“encounters”) of the particles either with randomly moving inho-
mogeneities of the turbulent magnetic field or with shocks in the medium. Fermi’s original paper [129]
considered the former case, i.e., scattering with randomly moving magnetized “clouds” in the interstellar
medium. In this case, although in each individual encounter the particle may either gain or lose energy,
there is on average a net gain of energy after many encounters. The original Fermi mechanism is now-
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a-days called “second-order” Fermi mechanism, because the average fractional energy gain in this case is
proportional to (u/c)2, where u is the relative velocity of the cloud with respect to the frame in which the
CR ensemble is isotropic, and c is the velocity of light. Because of the dependence on the square of the
cloud velocity (u/c < 1), the second-order Fermi mechanism is not a very efficient acceleration process.
Indeed, for typical interstellar clouds in the Galaxy, the acceleration time scale turns out to be much larger
than the typical escape time (∼ 107 years) of CR in the Galaxy deduced from observed isotopic ratios of
CR. In addition, although the resulting spectrum of particles happens to be a power-law in energy, the
power-law index depends on the cloud velocity, and so the superposed spectrum due to many different
sources with widely different cloud velocities would not in general have a power-law form.
A more efficient version of Fermi mechanism is realized when one considers encounters of particles with
plane shock fronts. In this case, the average fractional energy gain of a particle per encounter (defined
as a cycle of one crossing and then a re-crossing of the shock after the particle is turned back by the
magnetic field) is of first order in the relative velocity between the shock front and the isotropic-CR
frame. Currently, the “standard” theory of CR acceleration — the so-called “Diffusive Shock Acceleration
Mechanism” (DSAM) is, therefore, based on this first-order Fermi acceleration mechanism at shocks. For
reviews and references to original literature on DSAM, see, e.g., Refs. [130, 131, 132, 15, 19, 20]. An
important feature of DSAM is that particles emerge out of the acceleration site with a characteristic
power-law spectrum with a power-law index that depends only on the shock compression ratio, and not
on the shock velocity. Shocks are ubiquitous in astrophysical situations: in the interplanetary space, in
supernovae in interstellar medium, and even in cosmological situations as in radio-galaxies. The basic
ideas of the DSAM have received impressive confirmation from in-situ observations in the solar system, in
particular, from observations of high energy particles accelerated at the Earth’s bow shock generated by
collision of the solar wind with the Earth’s magnetosphere; see, again the reviews in Refs. [130, 131, 132, 15]
for references. We will discuss the DSAM again in connection with UHECR in Sect. 5. Here we only note
that for a given acceleration site, there is a maximum energy achievable, Emax, which is limited either by
the size of the shock (which has to be larger than the gyroradius of the particles being accelerated) or by
the time scale of acceleration up to this energy (which has to be smaller than the lifetime of the shock and
also smaller than the shortest time-scale of energy losses).
From a theoretical point of view, SNRs are not only attractive (and maybe the only serious) candidate
of Galactic CR origin in terms of power (see Sect. 3.1) but also in terms of the maximum achievable CR
energy, which is estimated to lie somewhere between 1012 eV and 1017 eV. In addition, the observed constant
beryllium-to-iron abundance ratio in the atmospheres of stars of different metallicity is another indicator
that at least the carbon, nitrogen and oxygen CR, that produce beryllium by spallation with interstellar
hydrogen and helium (this being the main production channel for beryllium), have to be accelerated in
SNRs [133]. For recent discussions of the relevance of composition for the origin of Galactic CR, see
Refs. [134] for lithium, beryllium, and boron in particular, and Refs. [135] in general.
The DSAM theory of CR acceleration in SNRs has been worked out in considerable details; see,
e.g., Refs. [130, 131, 136, 137]. Support to the shock-acceleration scenario for hadronic CR is given by
experimental indications that while the composition below the knee region becomes heavier with energy
(see Sect. 2.4), the composition is relatively less dependent on rigidity (≡ pc/Ze, where p is the momentum
and Ze is the charge, and c is the speed of light). This is expected for shock acceleration for which
the maximum rigidity should be equal for all nuclei. Furthermore, the observed X-ray emission from
SNRs seems to be caused by synchrotron radiation of electrons with energies up to ∼ 100TeV. Assuming
that nuclei are accelerated as well, this implies fluxes consistent with Galactic CR acceleration in SNR
shocks [138].
As another effect, the interactions with the surrounding matter of protons accelerated in SNRs produce
neutral pions, and the resulting flux of secondary γ−rays from SNRs has been predicted as well; see,
e.g., Ref [139, 140, 141, 142, 143, 144]. Nowadays, given the existence of space and ground based γ−ray
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detecting systems (see Sect. 2.1), the SNR acceleration paradigm for Galactic CR origin can also be tested
by searching for these secondary γ−rays. As of now, the situation is still somewhat inconclusive since no
firm detection of such γ−rays has been reported (see, e.g., Ref. [145, 146]). Furthermore, the SNR scenario
almost certainly does not explain UHECR which consequently would constitute a separate component.
Pulsars and neutron stars in close binary systems have also been discussed as alternative Galactic CR
sources for which the maximum energy in principle may even reach the UHECR energy range. However,
an origin of the bulk of the cosmic rays in X-ray binary systems is contradicted by the complete absence
of detectable TeV radiation from Cygnus X-3 and Hercules X-1, as reported by the Chicago Air Shower
Array-MIchigan Anti (CASA-MIA) experiment [147].
A comprehensive scenario for the origin of CR based exclusively on first-order Fermi acceleration has
been proposed by Biermann [16]. In this scenario, the sources are (a) supernovae exploding into the
interstellar medium, for energies up to ∼ 1015 eV, (b) supernovae exploding into a predecessor stellar wind,
for energies up to ∼ 1017 eV, and (c) the hot spots of powerful radio-galaxies for the highest energies. It is
claimed that this scenario meets every observational test to date.
A criticism of shock acceleration as the origin of CR has been given by Colgate [128]. Instead, accel-
eration in the electric fields produced by reconnection of twisted magnetic fields has been suggested as a
mechanism that could operate in a much larger fraction in space than shock acceleration and up to the
highest observed CR energies. This is due to the wide-spread presence of helical magnetic fields carrying
excess angular momentum from mass condensations in the Universe. Apart from proposed laboratory
experiments [128], it is, however, presently not clear how to observationally discriminate this scenario of
CR origin from the shock acceleration scenario. Also, the power law index of the predicted spectra does
not fall out of this scenario naturally and may strongly depend on the specific environment.
Plaga [148] has presented a scenario where all extrasolar hadronic CR are extragalactic in origin and
accumulate in the Galaxy due to “magnetic flux trapping”. It was claimed that the γ−ray flux levels from
the Magellanic clouds is not a suitable test of this scenario and that the ankle in the energy spectrum
appears as a natural consequence of this scenario.
The opposite possibility that all CR nuclei above a few GeV and up to the highest energies observed,
and all electrons and γ−rays above a few MeV are of Galactic origin has also been put forward by Dar
and collaborators [149]. In this scenario the acceleration sources have been suggested to be the hot spots
in the highly relativistic jets from merger and accretion induced collapse of compact stellar objects, the so
called microblazars, within our own Galaxy and its halo. The same objects in external galaxies could also
give rise to cosmological γ−ray bursts.
Finally, to close this short summary with a very speculative possibility of CR origin, we note that it
is known that charged and/or polarizable particles interacting with the electromagnetic zero-point fluc-
tuations are accelerated stochastically [150, 151]. The discussion of this effect goes back to Einstein and
Hopf [152] who investigated classical atoms interacting with classical thermal radiation. The acceleration
rate Ω ≡ dE/dt for a proton is given by [150]
Ω ≃ 3
5π
Γ2ω50
mN
<∼ 1013 eV sec−1 , (6)
where Γ = 2e2/3mN is the radiation damping constant, mN the nucleon mass, and ω0 is a frequency that is
smaller than the Compton frequencies of the quarks. In an energy range where energy losses are negligible,
the resulting acceleration spectrum must have the form j(E) ∝ E−1 due to the Lorentz invariance of the
spectrum of the vacuum fluctuations. The latter is also the reason that a net acceleration results because
it implies the absence of a drag force. The spectrum typically cuts off exponentially at energies where the
acceleration time Tacc ≃ E/Ω becomes larger than the proton attenuation time at that same energy due
to loss processes. It seems, however, unlikely that this acceleration process plays a significant role in CR
15
production because, for given typical baryon densities, the predicted hard spectrum tends to overproduce
CR fluxes at high energies.
4 Propagation and Interactions of Ultra-High Energy Radiation
Since implications and predictions of the spectrum of UHECR depend on their composition which is
uncertain, we will in this chapter review the propagation of all types of particles that could play the role
of UHECR. We start with the hadronic component, continue with discussion on electromagnetic cascades
initiated by UHE photons in extragalactic space, and then comment on more exotic options such as UHE
neutrinos and new neutral particles predicted in certain supersymmetric models of particle physics. We
then discuss how propagation can be influenced by cosmic magnetic fields and what constraints on the
location of UHECR sources are implied. The role played by these constraints in the search for sources
of EHECR beyond 1020 eV is discussed. Finally, the formal description of CR propagation by transport
equations is briefly reviewed, with an account of the literature on analytical and numerical approaches to
their solution.
Before proceeding, we set up some general notation. The interaction length l(E) of a CR of energy E
and mass m propagating through a background of particles of mass mb is given by
l(E)−1 =
∫
dεnb(ε)
∫ +1
−1
dµ
1− µββb
2
σ(s) , (7)
where nb(ε) is the number density of the background particles per unit energy at energy ε, βb = (1 −
m2b/ε
2)1/2 and β = (1−m2/E2)1/2 are the velocities of the background particle and the CR, respectively, µ
is the cosine of the angle between the incoming momenta, and σ(s) is the total cross section of the relevant
process for the squared center of mass (CM) energy
s = m2b +m
2 + 2εE (1− µββb) . (8)
The most important background particles turn out to be photons with energies in the infrared and optical
(IR/O) range or below, so that we will usually have mb = 0, βb = 1. A review of the universal photon
background has been given in Ref. [153].
It proves convenient to also introduce an energy attenuation length lE(E) that is obtained from Eq. (7)
by multiplying the integrand with the inelasticity, i.e. the fraction of the energy transferred from the
incoming CR to the recoiling final state particle of interest. The inelasticity η(s) is given by
η(s) ≡ 1− 1
σ(s)
∫
dE′E′
dσ
dE′
(E′, s) , (9)
where E′ is the energy of the recoiling particle considered in units of the incoming CR energy E. Here by
recoiling particle we usually mean the “leading” particle, i.e. the one which carries most of the energy.
If one is mostly interested in this leading particle, the detailed transport equations (see Sect. 4.7) for the
local density of particles per unit energy, n(E), are often approximated by the simple “diffusion equation”
∂tn(E) = −∂E [b(E)n(E)] + Φ(E) (10)
in terms of the energy loss rate b(E) = E/lE(E) and the local injection spectrum Φ(E). Eq. (10) applies
to a particle which loses energy at a rate dE/dt = b(E), and is often referred to as the continuous energy
loss (CEL) approximation. The CEL approximation is in general good if the non-leading particle is of
a different nature than the leading particle, and if the inelasticity is small, η(s) ≪ 1. For an isotropic
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source distribution Φ(E, z) in the matter-dominated regime for a flat Universe (Ω0 = 1), Eq. (10) yields a
differential flux today at energy E, j(E), as
j(E) =
3
8π
t0
∫ zi,max
0
dzi(1 + zi)
−11/2 dEi(E, zi)
dE
Φ(E, zi) , (11)
where t0 is the age of the Universe, Ei(E, zi) is the energy at injection redshift zi in the CEL approximation,
i.e. the solution of dE/dt = b(E) (with b(E) including loss due to redshifting), Ei(E, 0) = E with
t = t0/(1 + z)
3/2. The maximum redshift zi,max corresponds either to an absolute cutoff of the source
spectrum at Emax = Ei(E, zi,max) or to the earliest epoch when the source became active, whichever is
smaller. For a homogeneous production spectrum Φ(E), this simplifies to
j(E) ≃ 1
4π
lE(E)Φ(E) , (12)
if lE(E) is much smaller than the horizon size such that redshift and evolution effects can be ignored.
Eqs. (11) and (12) are often used in the literature for approximate flux calculations.
4.1 Nucleons, Nuclei, and the Greisen-Zatsepin-Kuzmin Cutoff
Shortly after its discovery, it was pointed out by Greisen [21] and by Zatsepin & Kuzmin [22] that the
cosmic microwave background (CMB) radiation field has profound consequences for UHECR: With respect
to the rest frame of a nucleon that has a sufficiently high energy in the cosmic rest frame (CRF, defined
as the frame in which the CMB is isotropic), a substantial fraction of the CMB photons will appear as
γ−rays above the threshold energy for photo-pion production, Elab,thrγ ≡ mπ + m2π/(2mN ) ≃ 160MeV.
The total cross section for this process as a function of the γ−ray energy in the nucleon rest frame,
Elabγ , is shown in Fig. 8. Near the threshold the cross section exhibits a pronounced resonance associated
with single pion production, whereas in the limit of high energies it increases logarithmically with s =
m2N + 2mNE
lab
γ [154]. The long tail beyond the first resonance is essentially dominated by multiple pion
production, Nγb → N(nπ), n > 1 (γb stands for the background photon). For a background photon of
energy ε in the CRF, the threshold energy Elab,thrγ translates into a corresponding threshold for the nucleon
energy,
Eth =
mπ(mN +mπ/2)
ε
≃ 6.8 × 1016
(
ε
eV
)−1
eV . (13)
Typical CMB photon energies are ε ∼ 10−3 eV, leading to the so called Greisen-Zatsepin-Kuzmin (GZK)
“cutoff” at a few tens of EeV where the nucleon interaction length drops to about 6Mpc as can be seen
in Fig. 9. Detailed investigations of differential cross sections, extending into the multiple pion production
regime, have been performed in the literature, mainly for the purpose of calculating secondary γ−ray and
neutrino production; for recent discussions and references to earlier literature see, e.g., Refs. [155, 156, 157].
Below this energy range, the dominant loss mechanism for protons is production of electron-positron
pairs on the CMB, pγb → pe+e−, down to the corresponding threshold
Eth =
me(mN +me)
ε
≃ 4.8× 1014
(
ε
eV
)−1
eV . (14)
Therefore, pair production by protons (PPP) in the CMB ensues at a proton energy E ∼ 5 × 1017 eV.
The first detailed discussion of PPP in astrophysics was given by Blumenthal [158]. PPP is very similar
to triplet pair production by electrons, eγb → ee+e− (see Sect. 4.2.), where “electron”, e, means either an
electron or a positron in the following. Away from the threshold the total cross section for a nucleus of
charge Z is well approximated by the one for triplet pair production, multiplied by Z2. Parametric fits to
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the total cross section and the inelasticity for PPP over the whole energy range were given in Ref. [159].
The resulting proton attenuation length is shown in Fig. 9. The next important loss mechanism which
starts to dominate near and below the PPP threshold is redshifting due to the cosmic expansion. Indeed, all
other loss processes are negligible, except possibly in very dense central regions of galaxies: The interaction
length due to hadronic processes which have total cross sections of the order of 0.1 barn in the energy range
of interest, for example, is l ≃ 3× 105(Ωbh2)−1Mpc >∼ 107Mpc, where 0.009 <∼ Ωbh2 <∼ 0.02 [160], with Ωb
the average cosmic baryon density in units of the critical density, and h the Hubble constant H0 in units
of 100 km sec−1Mpc−1.
For neutrons, β−decay (n → pe−ν¯e) is the dominant loss process for E <∼ 1020 eV. The neutron
decay rate Γn = mN/(τnE), with τn ≃ 888.6 ± 3.5 sec the laboratory lifetime, implies a neutron range of
propagation
Rn = τn
E
mN
≃ 0.9
(
E
1020 eV
)
Mpc . (15)
The dominant loss process for nuclei of energy E >∼ 1019 eV is photodisintegration [24, 25, 161, 162] in
the CMB and the IR background (IRB) due to the giant dipole resonance. Early calculations [25] suggested
a loss length of a few Mpc. Recent observations of multi-TeV γ−rays from the BL Lac objects Mrk 421 and
Mrk 501 suggest [163, 164], however, an IRB roughly a factor 10 lower than previously assumed, which is
also consistent with recent independent calculation [165] of the intensity and spectral energy distribution
of the IRB based on empirical data primarily from IRAS galaxies. This tends to increase the loss length
for nuclei [166]. Recent detailed Monte Carlo simulations [167, 168, 169] indicate that, with the reduced IR
background, the CMB becomes the dominant photon background responsible for photodisintegration and,
for example, leads to a loss length of ≃ 10Mpc at 2× 1020 eV. This loss length plays an important role for
scenarios in which the highest energy events observed are heavy nuclei that have been accelerated to UHE
(see, e.g., Ref. [26]): The accelerators can not be much further away than a few tens of Mpc. Specific flux
calculations for the source NGC 253 have been performed in Ref. [170]. Apart from photodisintegration,
nuclei are subject to the same loss processes as nucleons, where the respective thresholds are given by
substituting mN by the mass of the nucleus in Eqs. (13) and (14).
4.2 UHE Photons and Electromagnetic Cascades
As in the case of UHE nucleons and nuclei, the propagation of UHE photons (and electrons/positrons) is
also governed by their interaction with the cosmic photon background. The dominant interaction processes
are the attenuation (absorption) of UHE photons due to pair-production (PP) on the background photons
γb: γγb → e+e− [171], and inverse Compton scattering (ICS) of the electrons (positrons) on the background
photons. Early studies of the effect of PP attenuation on the cosmological UHE γ-ray flux can be found,
e.g., in Refs. [172].
The γ−ray threshold energy for PP on a background photon of energy ε is
Eth =
m2e
ε
≃ 2.6 × 1011
(
ε
eV
)−1
eV , (16)
whereas ICS has no threshold. In the high energy limit, the total cross sections for PP and ICS are
σPP ≃ 2σICS ≃ 3
2
σT
m2e
s
ln
s
2m2e
(s≫ m2e) . (17)
For s≪ m2e, σICS approaches the Thomson cross section σT ≡ 8πα2/3m2e (α is the fine structure constant),
whereas σPP peaks near the threshold Eq. (16). Therefore, the most efficient targets for electrons and
γ−rays of energy E are background photons of energy ε ≃ m2e/E. For UHE this corresponds to ε <∼
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10−6 eV ≃ 100MHz. Thus, radio background photons play an important role in UHE γ-ray propagation
through extragalactic space.
Unfortunately, the universal radio background (URB) is not very well known mostly because it is
difficult to disentangle the Galactic and extragalactic components. Observational estimates have been
given in Ref. [173], and an early theoretical estimate was given in Ref. [174]. Recently, an attempt has
been made to calculate the contribution to the URB from radio-galaxies and AGNs [175], and also from
clusters of galaxies [176] which tends to give higher estimates. The issue does not seem to be settled,
however. At frequencies somewhere below 1MHz the URB is expected to cut off exponentially due to free-
free absorption. The exact location of the cut-off depends on the abundance and clustering of electrons
in the intergalactic medium and/or the radio source and is uncertain between about 0.1− 2MHz. Fig. 10
compares results from Ref. [175] with Ref. [174] and the observational estimate from Ref. [173].
In the extreme Klein-Nishina limit, s≫ m2e, either the electron or the positron produced in the process
γγb → e+e− carries most of the energy of the initial UHE photon. This leading electron can then undergo
ICS whose inelasticity (relative to the electron) is close to 1 in the Klein-Nishina limit. As a consequence,
the upscattered photon which is now the leading particle after this two-step cycle still carries most of the
energy of the original γ−ray, and can initiate a fresh cycle of PP and ICS interactions. This leads to the
development of an electromagnetic (EM) cascade which plays an important role in the resulting observable
γ−ray spectra. An important consequence of the EM cascade development is that the effective penetration
depth of the EM cascade, which can be characterized by the energy attenuation length of the leading particle
(photon or electron/positron), is considerably greater than just the interaction lengths [177]; see Figs. 11
and 12). As a result, the predicted flux of UHE photons can be considerably larger than that calculated
by considering only the absorption of UHE photons due to PP.
EM cascades play an important role particularly in some exotic models of UHECR origin such as
collapse or annihilation of topological defects (see Sect. 6) in which the EHECR injection spectrum is
predicted to be dominated by γ-rays [178]. Even if only UHE nucleons and nuclei are produced in the first
place, for example, via conventional shock acceleration (see Sect. 5), EM cascades can be produced by the
secondaries coming from the decay of pions which are created in interactions of UHE nucleons with the
low energy photon background.
The EM cascading process and the resulting diffuse γ-ray fluxes in the conventional acceleration sce-
narios of UHECR origin were calculated in the ’70s; see, e.g., Refs. [179, 180, 181]. The EM cascades
initiated by “primary” γ-rays and their effects on the diffuse UHE γ-ray flux in the topological defect sce-
nario of UHECR were first considered in Ref. [178]. All these calculations were performed within the CEL
approximation which, as described above, deals with only the leading particle. However, the contribution
of non-leading particles to the flux can be substantial for cascades that are not fully developed. A reliable
calculation of the flux at energies much smaller than the maximal injection energy should therefore go
beyond the CEL approximation, i.e., one should solve the relevant Boltzmann equations for propagation;
this is discussed in Sect. 4.7.
Cascade development accelerates at lower energies due to the decreasing interaction lengths (see Figs. 11
and 12) until most of the γ−rays fall below the PP threshold on the low energy photon background at
which point they pile up with a characteristic E−1.5 spectrum below this threshold [35, 182, 183, 184]. The
source of these γ−rays are predominantly the ICS photons of average energy 〈Eγ〉 = Ee(1 − 4 〈s〉 /3m2e)
arising from interactions of electrons of energy Ee with the background at average squared CM energy
〈s〉 in the Thomson regime. The relevant background for cosmological propagation is constituted by
the universal IR/O background, corresponding to ε <∼ 1 eV in Eq. (16), or Eth ≃ 1011 eV. Therefore,
most of the energy of fully developed EM cascades ends up below ≃ 100GeV where it is constrained
by measurements of the diffuse γ−ray flux by EGRET on board the CGRO [185] and other effects (see
Sect. 7). Flux predictions involving EM cascades are therefore an important source of constraints of UHE
energy injection on cosmological scales. This is further discussed in Sects. 6 and 7.
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It should be mentioned here that the development of EM cascades depends sensitively on the strength
of the extragalactic magnetic fields (EGMFs) which is rather uncertain. The EGMF typically inhibits
cascade development because of the synchrotron cooling of the e+e− pairs produced in the PP process.
For a sufficiently strong EGMF the synchrotron cooling time scale of the leading electron (positron) may
be small compared to the time scale of ICS interaction, in which case, the electron (positron) synchrotron
cools before it can undergo ICS, and thus cascade development stops. In this case, the UHE γ-ray flux is
determined mainly by the “direct” γ-rays, i.e., the ones that originate at distances less than the absorption
length due to PP process. The energy lost through synchrotron cooling does not, however, disappear;
rather, it reappears at lower energies and can even initiate fresh EM cascades there depending on the
remaining path length and the strength of the relevant background photons. Thus, the overall effect of a
relatively strong EGMF is to deplete the UHE γ-ray flux above some energy and increase the flux below
a corresponding energy in the “low” (typically few tens to hundreds of GeV) energy region. These issues
are further discussed in Sect. 4.4.1.
The lowest order cross sections, Eq. (17), fall off as ln s/s for s≫ m2e. Therefore, at EHE, higher order
processes with more than two final state particles start to become important because the mass scales of
these particles can enter into the corresponding cross section which typically is asymptotically constant or
proportional to powers of ln s.
Double pair production (DPP), γγb → e+e−e+e−, is a higher order QED process that affects UHE
photons. The DPP total cross section is a sharply rising function of s near the threshold that is given by
Eq. (16) with me → 2me, and quickly approaches its asymptotic value [186]
σDPP ≃ 172α
4
36πm2e
≃ 6.45µbarn (s≫ m2e) . (18)
DPP begins to dominate over PP above ∼ 1021− 1023 eV, where the higher values apply for stronger URB
(see Fig. 11).
For electrons, the relevant higher order process is triplet pair production (TPP), eγb → ee+e−. This
process has been discussed in some detail in Refs. [187] and its asymptotic high energy cross section is
σTPP ≃ 3α
8π
σT
(
28
9
ln
s
m2e
− 218
27
)
(s≫ m2e) , (19)
with an inelasticity of
η ≃ 1.768
(
s
m2e
)−3/4
(s≫ m2e) . (20)
Thus, although the total cross section for TPP on CMB photons becomes comparable to the ICS cross
section already around 1017 eV, the energy attenuation is not important up to ∼ 1022 eV because η <∼ 10−3
(see Fig. 12). The main effect of TPP between these energies is to create a considerable number of electrons
and channel them to energies below the UHE range. However, TPP is dominated over by synchrotron
cooling (see Sect. 4.4), and therefore negligible, if the electrons propagate in a magnetic field of r.m.s.
strength >∼ 10−12G, as can be seen from Fig. 12.
Various possible processes other than those discussed above — e.g., those involving the production of
one or more muon, tau, or pion pairs, double Compton scattering (eγb → eγγ), γ−γ scattering (γγb → γγ),
Bethe-Heitler pair production (γX → Xe+e−, where X stands for an atom, an ion, or a free electron), the
process γγb → e+e−γ, and photon interactions with magnetic fields such as pair production (γB → e+e−)
— are in general negligible in EM cascade development. The total cross section for the production of a single
muon pair (γγb → µ+µ−), for example, is smaller than that for electron pair production by about a factor
10. Energy loss rate contributions for TPP involving pairs of heavier particles of mass m are suppressed
by a factor ≃ (me/m)1/2 for s ≫ m2. Similarly, DPP involving heavier pairs is also negligible [186].
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The cross section for double Compton scattering is of order α3 and must be treated together with the
radiative corrections to ordinary Compton scattering of the same order. Corrections to the lowest order
ICS cross section from processes involving mγ additional photons in the final state, eγb → e+ (mγ + 1)γ,
mγ ≥ 1, turn out to be smaller than 10% in the UHE range [188]. A similar remark applies to corrections
to the lowest order PP cross section from the processes γγb → e+e− + mγγ, mγ ≥ 1. Photon−photon
scattering can only play a role at redshifts beyond ≃ 100 and at energies below the redshift-dependent
pair production threshold given by Eq. (16) [189, 190, 191]. A similar remark applies to Bethe-Heitler pair
production [190]. Photon interactions with magnetic fields of typical galactic strength, ∼ 10−6G, are only
relevant for E >∼ 1024 eV [192]. For extragalactic magnetic fields (EGMFs) the critical energy for such
interactions is even higher.
4.3 Propagation and Interactions of Neutrinos and “Exotic” Particles
4.3.1 Neutrinos
Neutrino propagation
The propagation of UHE neutrinos is governed mainly by their interaction with the relic neutrino
background (RNB). The average squared CM energy for interaction of an UHE neutrino of energy E with
a relic neutrino of energy ε is given by
〈s〉 ≃ (45GeV)2
(
ε
10−3 eV
)(
E
1015GeV
)
. (21)
If the relic neutrino is relativistic, then ε ≃ 3Tν(1 + ηb/4) in Eq. (21), where Tν ≃ 1.9(1 + z)K =
1.6 × 10−4(1 + z) eV is the temperature at redshift z and ηb <∼ 50 is the dimensionless chemical potential
of relativistic relic neutrinos. For nonrelativistic relic neutrinos of mass mν <∼ 20 eV, ε ≃ max [3Tν ,mν ].
Note that Eq. (21) implies interaction energies that are typically smaller than electroweak energies even
for UHE neutrinos, except for energies near the Grand Unification scale, E >∼ 1015GeV, or if mν >∼ 1 eV.
In this energy range, the cross sections are given by the Standard Model of electroweak interactions which
are well confirmed experimentally. Physics beyond the Standard Model is, therefore, not expected to play
a significant role in UHE neutrino interactions with the low energy relic backgrounds.
The dominant interaction mode of UHE neutrinos with the RNB is the exchange of a W± boson in
the t-channel (νi + ν¯j → li + l¯j), or of a Z0 boson in either the s-channel (νi + ν¯i → f f¯) or the t-channel
(νi+ ν¯j → νi+ ν¯j) [193, 194, 195, 196]. Here, i, j stands for either the electron, muon, or tau flavor, where
i 6= j for the first reaction, l denotes a charged lepton, and f any charged fermion. If the latter is a quark,
it will, of course, subsequently fragment into hadrons. As an example, the differential cross section for
s-channel production of Z0 is given by
dσνi+ν¯j→Z0→ff¯
dµ
=
G2Fs
4π
M2Z
(s−M2Z)2 +M2ZΓ2Z
[
g2L(1 + µ
∗)2 + g2R(1− µ∗)2
]
, (22)
where GF is the Fermi constant, MZ and ΓZ are mass and lifetime of the Z
0, gL and gR are the usual
dimensionless left- and right-handed coupling constants for f , and µ∗ is the cosine of the scattering angle
in the CM system.
The t-channel processes have cross sections that rise linearly with s up to s ≃M2W , with MW the W±
mass, above which they are roughly constant with a value σt(s >∼ MW ) ∼ G2FM2W ∼ 10−34 cm2. Using
Eq. (21) this yields the rough estimate
σt(E, ε) ∼ min
[
10−34, 10−44
(
s
MeV2
)]
cm2 (23)
∼ min
[
10−34, 3× 10−39
(
ε
10−3 eV
)(
E
1020 eV
)]
cm2 .
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In contrast, within the Standard Model the neutrino-nucleon cross section roughly behaves as
σνN (E) ∼ 10−31(E/1020 eV)0.4 cm2 (24)
for E >∼ 1015 eV (see discussion below at end of Sect. 4.3.1). Interactions of UHE neutrinos with nucleons
are, however, still negligible compared to interactions with the RNB because the RNB particle density is
about ten orders of magnitude larger than the baryon density. The only exception could occur near Grand
Unification scale energies and at high redshifts and/or if contributions to the neutrino-nucleon cross section
from physics beyond the Standard Model dominate at these energies (see below at end of Sect. 4.3.1).
It has recently been pointed out [197] that above the threshold for W± production the process ν +
γ → lW+ becomes comparable to the νν processes discussed above. Fig. 13 compares the cross sections
relevant for neutrino propagation at CM energies around the electroweak scale. Again, for UHE neutrino
interactions with the RNB the relevant CM energies can only be reached if (a) the UHE neutrino energy
is close to the Grand Unification scale, or (b) the RNB neutrinos have masses in the eV regime, or (c) at
redshifts z >∼ 103. Even then the νγ process never dominates over the νν process.
At lower energies there is an additional νγ interaction that was recently discussed as potentially
important besides the νν processes: Using an effective Lagrangian derived from the Standard Model,
Ref. [198] obtained the result σγ+ν→γ+γ+ν(s) ≃ 9× 10−56 (s/MeV2)5 cm2, supposed to be valid at least up
to s <∼ 10MeV2. Above the electron pair production threshold the cross section has not been calculated
because of its complexity but is likely to level off and eventually decrease. Nevertheless, if the s5 behavior
holds up to s ≃ a few hundred MeV2, comparison with Eq. (23) shows that the process γ + ν → γ + γ + ν
would start to dominate and influence neutrino propagation around E ∼ 3 × 1017 (ε/10−3 eV) eV, as was
pointed out in Ref. [199].
For a given source distribution, the contribution of the “direct” neutrinos to the flux can be computed
by integrating Eq. (11) up to the interaction redshift z(E), i.e. the average redshift from which a neutrino
of present day energy E could have propagated without interacting. This approximation neglects the
secondary neutrinos and the decay products of the leptons created in the neutral current and charged
current reactions of UHE neutrinos with the RNB discussed above. Similarly to the EM case, these
secondary particles can lead to neutrino cascades developing over cosmological redshifts [195].
Approximate expressions for the interaction redshift for the processes discussed above have been given
in Refs. [35, 200] for CM energies below the electroweak scale, assuming relativistic, nondegenerate relic
neutrinos, mν <∼ Tν , and ηb ≪ 1. Approaching the electroweak scale, a resonance occurs in the interaction
cross section for s-channel Z0 exchange at the Z0 mass, s =M2Z ≃ (91GeV)2, see Eq. (22). The absorption
redshift for the corresponding neutrino energy, E ≃ 1015GeV(ε/10−3 eV)−1 drops to a few (or less for
a degenerate, relativistic RNB) and asymptotically approaches constant values of a few tens at higher
energies.
An interesting situation arises if the RNB consists of massive neutrinos with mν ∼ 1 eV: Such neutrinos
would constitute hot dark matter which is expected to cluster [201], for example, in galaxy clusters.
This would potentially increase the interaction probability for any neutrino of energy within the width
of the Z0 resonance at E = M2Z/2mν = 4 × 1021(eV/mν) eV. Recently it has been suggested that the
stable end products of the “Z-bursts” that would thus be induced at close-by distances (<∼ 50Mpc) from
Earth may explain the highest energy cosmic rays [202, 203] and may also provide indirect evidence
for neutrino hot dark matter. These end products would be mostly nucleons and γ−rays with average
energies a factor of ≃ 5 and ≃ 40 lower, respectively, than the original UHE neutrino. As a consequence,
if the UHE neutrino was produced as a secondary of an accelerated proton, the energy of the latter
would have to be at least a few 1022 eV [202], making Z-bursts above GZK energies more likely to play
a role in the context of non-acceleration scenarios (see Sects. 6,7). Moreover, it has subsequently been
pointed out [204] that Z production is dominated by annihilation on the non-clustered massive RNB
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compared to annihilation with neutrinos clustering in the Galactic halo or in nearby galaxy clusters. As
a consequence, for a significant contribution of neutrino annihilation to the observed EHECR flux, a new
class of neutrino sources, unrelated to UHECR sources, seems necessary. This has been confirmed by more
detailed numerical simulations [205] where it has, however, also been demonstrated that the most significant
contribution could come from annihilation on neutrino dark matter clustering in the Local Supercluster
by amounts consistent with expectations. In the absence of any assumptions on the neutrino sources,
the minimal constraint comes from the unavoidable production of secondary γ−rays contributing to the
diffuse flux around 10 GeV measured by EGRET: If the Z-burst decay products are to explain EHECR,
the massive neutrino overdensity fν over a length scale lν has to satisfy fν >∼ 20 (lν/5Mpc)−1, provided
that only neutrinos leave the source, a situation that may arise in top-down models if the X particles
decay exclusively into neutrinos (see Ref. [206] for a model involving topological defects and Ref. [207] for
a scenario involving decaying superheavy relic particles). If, instead, the total photon source luminosity
is comparable to the total neutrino luminosity, as in most models, the EGRET constraint translates into
the more stringent requirement fν >∼ 103(lν/5Mpc)−1. This bound can only be relaxed if most of the
EM energy is radiated in the TeV range where the Universe is more transparent [205]. Furthermore, the
Z-burst scenario requires sources that are optically thick for accelerated protons with respect to photo-pion
production because otherwise the observable proton flux below the GZK cutoff would be comparable to
the neutrino flux [204]. A systematic parameter study of the required overdensity, based on analytical
flux estimates, has been performed in Ref. [208]. Recently it has been noted that a degenerate relic
neutrino background would increase the interaction probability and thereby make the Z-burst scenario
more promising [209]. A neutrino asymmetry of order unity is not excluded phenomenologically [210] and
can be created in the early Universe, for example, through the Affleck-Dine baryogenesis mechanism [211]
or due to neutrino oscillations. The authors of Ref. [209] pointed out that for a neutrino massmν ≃ 0.07 eV,
a value suggested by the Super-Kamiokande experiment [212], and for sources at redshifts of a few, the
flux of secondary Z-decay products is maximal for a RNB density parameter Ων ≃ 0.01. Such neutrino
masses, however, require the sources to produce neutrinos at least up to 1022 eV.
UHE neutrinos from the decay of pions, that are produced by interactions of accelerated protons in
astrophysical sources, must have originated within redshifts of a few. Moreover, in most conventional
models their flux is expected to fall off rapidly above 1020 eV. Examples are production in active galactic
nuclei within hadronic models [213, 214, 215, 216, 217, 218], and “cosmogenic” neutrinos from interactions
of UHECR nucleons (near or above the GZK cutoff) with the CMB (see, e.g.,Refs. [219, 220]). The latter
source is the only one that is guaranteed to exist due to existence of UHECR near the GZK cutoff, but
the fluxes are generally quite small. Therefore, interaction of these UHE neutrinos with the RNB, that
could reveal the latter’s existence, can, if at all, be important only if the relic neutrinos have a mass
mν >∼ 1 eV [193]. Due to the continuous release of UHE neutrinos up to much higher redshifts, most
top-down scenarios would imply substantially higher fluxes that also extend to much higher energies [200].
Certain features in the UHE neutrino spectrum predicted within such top-down scenarios, such as a change
of slope for massless neutrinos [195] or a dip structure for relic neutrino masses of order 1 eV [196, 203],
have therefore been proposed as possibly the only way to detect the RNB. However, some of the scenarios
at the high end of neutrino flux predictions have recently been ruled out based on constraints on the
accompanying energy release into the EM channel (see Sect. 7).
Since in virtually all models UHE neutrinos are created as secondaries from pion decay, i.e. as electron
or muon neutrinos, τ−neutrinos can only be produced by a flavor changing W± t-channel interaction
with the RNB. The flux of UHE τ−neutrinos is therefore usually expected to be substantially smaller
than the one of electron and muon neutrinos, if no neutrino oscillations take place at these energies.
However, the recent evidence from the Superkamiokande experiment for nearly maximal mixing between
muon and τ−neutrinos with |∆m2| = |m2νµ −m2ντ | ≃ 5× 10−3 eV2 [212] would imply an oscillation length
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of Losc = 2E/|∆m2| = 2.6× 10−6(E/PeV)(|∆m2|/5× 10−3 eV2)−1 pc and, therefore, a rough equilibration
between muon and τ−neutrino fluxes from any source at a distance larger than Losc [221]. Turning this
around, one sees that a source at distance d emitting neutrinos of energy E is sensitive to neutrino mixing
with |∆m2| = 2E/d ≃ 1.3 × 10−16 (E/PeV)(d/100Mpc)−1 eV2 [222, 223]. Under certain circumstances,
resonant conversion in the potential provided by the RNB clustering in galactic halos may also influence the
flavor composition of UHE neutrinos from extraterrestrial sources [224]. In addition, such huge cosmological
baselines can be sensitive probes of neutrino decay [225].
Neutrino detection
We now turn to a discussion of UHE neutrino interactions with matter relevant for neutrino detection.
UHE neutrinos can be detected by detecting the muons produced in ordinary matter via charged-current
reactions with nucleons; see, e.g., Refs. [226, 227, 230] for recent discussions. Corresponding cross sections
are calculated by folding the fundamental standard model quark-neutrino cross section with the distribution
function of the partons in the nucleon. These cross sections are most sensitive to the abundance of
partons of fractional momentum x ≃ M2W /2mNE, where E is the neutrino energy. For the relevant
squared momentum transfer, Q2 ∼ M2W , these parton distribution functions have been measured down
to x ≃ 0.02 [228]. (It has been suggested that observation of the atmospheric neutrino flux with future
neutrino telescopes may probe parton distribution functions at much smaller x currently inaccessible to
colliders [229]). Currently, therefore, neutrino-nucleon cross sections for E >∼ 1014 eV can be obtained only
by extrapolating the parton distribution functions to lower x. Above 1019 eV, the resulting uncertainty
has been estimated to be a factor 2 [227], whereas within the dynamical radiative parton model it has
been claimed to be at most 20 % [230]. An intermediate estimate using the CTEQ4-DIS distributions can
roughly be parameterized by [227]
σνN (E) ≃ 2.36 × 10−32(E/1019 eV)0.363 cm2 (1016 eV <∼ E <∼ 1021 eV) . (25)
Improved calculations including non-leading logarithmic contributions in 1/x have recently been performed
in Ref. [231]. The results for the neutrino-nucleon cross section differ by less than a factor 1.5 with
Refs. [227, 230] even at 1021 eV. Neutral-current neutrino-nucleon cross sections are expected to be a factor
2-3 smaller than charged-current cross sections at UHE and interactions with electrons only play a role at
the Glashow resonance, ν¯ee→W , at E = 6.3× 1015 eV. Furthermore, cross sections of neutrinos and anti-
neutrinos are basically identical at UHE. Radiative corrections influence the total cross section negligibly
compared to the parton distribution uncertainties, but may lead to an increase of the average inelasticity
in the outgoing lepton from ≃ 0.19 to ≃ 0.24 at E ∼ 1020 eV [232], although this would probably hardly
influence the shower character.
Neutrinos propagating through the Earth start to be attenuated above ≃ 100TeV due to the increasing
Standard Model cross section as indicated by Eq. (25). Detailed integrations of the relevant transport
equations for muon neutrinos above a TeV have been presented in Ref. [231], and, for a general cold
medium, in Ref. [233]. In contrast, τ−neutrinos with energy up to ≃ 100PeV can penetrate the Earth
due to their regeneration from τ decays [223]. As a result, a primary UHE τ−neutrino beam propagating
through the Earth would cascade down below ≃ 100TeV and in a neutrino telescope could give rise to a
higher total rate of upgoing events as compared to downgoing events for the same beam arriving from above
the horizon. As mentioned above, a primary τ−neutrino beam could arise even in scenarios based on pion
decay, if νµ − ντ mixing occurs with the parameters suggested by the Super-Kamiokande results [221]. In
the PeV range, τ−neutrinos can produce characteristec ”double-bang” events where the first bang would
be due to the charged-current production by the τ−neutrino of a τ whose decay at a typical distance ≃
100 m would produce the second bang [222]. These effects have also been suggested as an independent
astrophysical test of the neutrino oscillation hypothesis. In addition, isotropic neutrino fluxes in the energy
range between 10 TeV and 10 PeV have been suggested as probes of the Earth’s density profile, whereby
neutrino telescopes could be used for neutrino absorption tomography [234].
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New Interactions
It has been suggested that the neutrino-nucleon cross section could be enhanced by new physics beyond
the electroweak scale in the CM, or above about a PeV in the nucleon rest frame; see Eq. (21). For the
lowest partial wave contribution to the cross section of a point-like particle this would violate unitarity [235].
However, two major possibilities have been discussed in the literature for which unitarity bounds seem not
to be violated. In the first, a broken SU(3) gauge symmetry dual to the unbroken SU(3) color gauge group
of strong interaction is introduced as the “generation symmetry” such that the three generations of leptons
and quarks represent the quantum numbers of this generation symmetry. In this scheme, neutrinos can
have effectively strong interaction with quarks and, in addition, neutrinos can interact coherently with all
partons in the nucleon, resulting in an effective cross section comparable to the geometrical nucleon cross
section [236]. However, the massive neutral gauge bosons of the broken generation symmetry would also
mediate flavor changing neutral current (FCNC) processes, and experimental bounds on these processes
indicate that the scale of any such new interaction must be above ∼ 100 TeV. The second possibility is
that there may be a large increase in the number of degrees of freedom above the electroweak scale [237].
A specific implementation of this idea is given in theories with n additional large compact dimensions
and a quantum gravity scale M4+n ∼TeV that has recently received much attention in the literature [238]
because it provides an alternative solution (i.e., without supersymmetry) to the hierarchy problem in Grand
Unifications of gauge interactions. In such scenarios, the exchange of bulk gravitons (Kaluza-Klein modes)
leads to an extra contribution to any two-particle cross section given by [239]
σg ≃ 4πs
M44+n
≃ 10−27
(
M4+n
TeV
)−4 ( E
1020 eV
)
cm2 , (26)
where the last expression applies to a neutrino of energy E hitting a nucleon at rest. Note that a neutrino
would typically start to interact in the atmosphere for σνN >∼ 10−27 cm2, i.e. for E >∼ 1020 eV, assuming
M4+n ≃ 1TeV. The neutrino therefore becomes a primary candidate for the observed EHECR events. A
specific signature of this scenario in neutrino telescopes based on ice or water as detector medium would
be the absence of events above the energy Ec where σg grows beyond ≃ 10−27 cm2. The corresponding
signature in atmospheric detectors such as the Pierre Auger detectors would be a hardening of the spectrum
above the energy Ec.
There are, however, astrophysical constraints on M4+n which result from limiting the emission of bulk
gravitons into the extra dimensions. The strongest constraints in this regard come from nucleon-nucleon
bremsstrahlung in type II supernovae [240]. These contraints read M6 >∼ 50TeV, M7 >∼ 4TeV, and
M8 >∼ 1TeV, for n = 2, 3, 4, respectively, and, therefore, n ≥ 4 is required if neutrino primaries are to
serve as a primary candidate for the EHECR events observed above 1020 eV. This assumes that all extra
dimensions have the same size given by
rn ≃M−14+n
(
MPl
M4+n
)2/n
≃ 2× 10−17
(
TeV
M4+n
)(
MPl
M4+n
)2/n
cm , (27)
whereMPl denotes the Planck mass. The above lower bounds onM4+n thus translate into the corresponding
upper bounds rn <∼ 3 × 10−4mm, rn <∼ 4 × 10−7mm, and rn <∼ 2 × 10−8mm, respectively. The neutrino
primary hypothesis of EHECR together with other astrophysical and cosmological constraints thus provides
an interesting testing ground for theories involving large compact extra dimensions representing one possible
kind of physics beyond the Standard Model. In this context, we mention that in theories with large compact
extra dimensions mentioned above, Newton’s law of gravity is expected to be modified at distances smaller
than the length scale given by Eq. (27). Indeed, there are laboratory experiments measuring gravitational
interaction at small distances (for a recent review of such experiments see Ref. [241]), which also probe
these theories. Thus, future EHECR experiments and gravitational experiments in the laboratory together
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have the potential of providing rather strong tests of these theories. These tests would be complementary
to constraints from collider experiments [242].
In the context of conventional astrophysical sources, the relevant UHE neutrino primaries could, of
course, only be produced as secondaries in interactions of accelerated protons of energies at least 1021 eV
with matter or with low energy photons. This implies strong requirements on the possible sources (see
Sect. 5).
4.3.2 Supersymmetric Particles
Certain supersymmetric particles have been suggested as candidates for the EHECR events. For example,
if the gluino is light and has a lifetime long compared to the strong interaction time scale, because it carries
color charge, it will bind with quarks, anti-quarks and/or gluons to form color-singlet hadrons, so-called
R-hadrons. This can occur in supersymmetric theories involving gauge-mediated supersymmetry (SUSY)
breaking [243] where the resulting gluino mass arises dominantly from radiative corrections and can vary
between ∼ 1GeV and ∼ 100GeV. In these scenarios, the gluino can be the lightest supersymmetric particle
(LSP). There are also arguments against a light quasi-stable gluino [244], mainly based on constraints on
the abundance of anomalous heavy isotopes of hydrogen and oxygen which could be formed as bound states
of these nuclei and the gluino. However, the case of a light quasi-stable gluino does not seem to be settled.
In the context of such scenarios a specific case has been suggested in which the gluino mass lies between
0.1 and 1GeV [245]. The lightest gluino-containing baryon, udsg˜, denoted S0, could then be long-lived or
stable, and the kinematical threshold for γb – S
0 “GZK” interaction would be higher than for nucleons, at
an energy given by substituting the S0 mass MS0 for the nucleon mass in Eq. (13) [246]. Furthermore, the
cross section for γb – S
0 interaction peaks at an energy higher by a facor (mS0/mN )(m∗−mS0)/(m∆−mN )
where the ratio of the mass splittings between the primary and the lowest lying resonance of the S0 (of
mass m∗) and the nucleon satisfies (m∗−mS0)/(m∆−mN ) >∼ 2. As a result of this and a somewhat smaller
interaction cross section of S0 with photons, the effective GZK threshold is higher by factors of a few and
sources of events above 1019.5 eV could be 15-30 times further away than for the case of nucleons. The
existence of such events was, therefore, proposed as a signal of supersymmetry [246]. In fact, Farrar and
Biermann reported a possible correlation between the arrival direction of the five highest energy CR events
and compact radio quasars at redshifts between 0.3 and 2.2 [247], as might be expected if these quasars
were sources of massive neutral particles. Undoubtedly, with the present amount of data the interpretation
of such evidence for a correlation remains somewhat subjective, as is demonstrated by the criticism of the
statistical analysis in Ref. [247] by Hoffman [248] and the reply by Farrar and Biermann [249]). Still, it
can be expected that only a few more events could confirm or rule out the quasar hypothesis.
Meanwhile, however, accelerator constraints have become more stringent [250, 251] and seem to be
inconsistent with the scenario from Ref. [245]. However, the scenario with a “tunable” gluino mass [243]
still seems possible and suggests either the gluino–gluon bound state gg˜, called glueballino R0, or the
isotriplet g˜ − (uu¯− dd¯)8, called ρ˜, as the lightest quasi-stable R-hadron. For a summary of scenarios with
light gluinos consistent with accelerator constraints see Ref. [252].
Similar to the neutrino primary hypothesis in the context of acceleration sources (see Sect. 4.3.1), a
specific difficulty of this scenario is the fact that, of course, the neutral R-hadron can not be accelerated, but
rather has to be produced as a secondary of an accelerated proton interacting with the ambient matter. As
a consequence, protons must be accelerated to at least 1021 eV at the source in order for the secondary S0
particles to explain the EHECR events. Furthermore, secondary production would also include neutrinos
and especially γ−rays, leading to fluxes from powerful discrete acceleration sources that may be detectable
in the GeV range by space-borne γ−ray instruments such as EGRET and GLAST, and in the TeV range
by ground based γ−ray detectors such as HEGRA and WHIPPLE and the planned VERITAS, HESS, and
MAGIC projects. At least the latter three ground based instruments should have energy thresholds low
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enough to detect γ−rays from the postulated sources at redshift z ∼ 1. Such observations in turn imply
constraints on the required branching ratio of proton interactions into the R-hadron which, very roughly,
should be larger than ∼ 0.01. These constraints, however, will have to be investigated in more detail for
specific sources. It was also suggested to search for heavy neutral baryons in the data from Cherenkov
instruments in the TeV range in this context [253].
A further constraint on new, massive strongly interacting particles in general comes from the character
of the air showers created by them: The observed EHECR air showers are consistent with nucleon primaries
and limits the possible primary rest mass to less than ≃ 50GeV [254]. With the statistics expected from
upcoming experiments such as the Pierre Auger Project, this upper limit is likely to be lowered down to
≃ 10GeV.
It is interesting to note in this context that in case of a confirmation of the existence of new neutral
particles in UHECR, a combination of accelerator, air shower, and astrophysics data would be highly
restrictive in terms of the underlying physics: In the above scenario, for example, the gluino would have
to be in a narrow mass range, 1–10 GeV, and the newest accelerator constraints on the Higgs mass,
mh >∼ 90GeV, would require the presence of a D term of an anomalous U(1)X gauge symmetry, in addition
to a gauge-mediated contribution to SUSY breaking at the messenger scale [243].
Finally, SUSY could also play a role in top-down scenarios where it would modify the spectra of particles
resulting from the decay of the X particles (see Sect. 6.2.1).
4.3.3 Other Particles
Recently it was suggested that QCD instanton induced interactions between quarks can lead to a stable,
strong bound state of two Λ = uds particles, a so called uuddss H-dibaryon state with a mass MH ≃
1700MeV [255]. This particle would have properties similar to the sypersymmetric S0 particle discussed
in the previous section, i.e. it is neutral and its spin is zero. Its effective GZK cutoff would, therefore, also
be considerably higher than for nucleons, at approximately 7.3× 1020 eV, according to Ref. [255]. It would
thus also be a primary candidate for the observed EHECR events that could be produced at high redshift
sources.
4.4 Signatures of Galactic and Extragalactic Magnetic Fields in UHECR Spectra and
Images
Cosmic magnetic fields can have several implications for UHECR propagation that may leave signatures
in the observable spectra which could in turn be used to constrain or even measure the magnetic fields in
the halo of our Galaxy and/or the extragalactic magnetic field (EGMF).
4.4.1 Synchrotron Radiation and Electromagnetic Cascades
As already mentioned in Sect. 4.2, the development of EM cascades strongly depends on presence and
strength of magnetic fields via the synchrotron loss of its electronic component: For a particle of mass m
and charge qe (e is the electron charge) the energy loss rate in a field of squared r.m.s. strength B2 is
dE
dt
= −4
3
σT
B2
8π
(
qme
m
)4 ( E
me
)2
. (28)
For UHE protons this is negligible, whereas for UHE electrons the synchrotron losses eventually dominate
over their attenuation (due to interaction with the background photons) above some critical energy Etr ∼
1020(B/10−10G)−1 eV that depends somewhat on the URB (see Fig. 12). Cascade development above that
energy is essentially blocked because the electrons lose their energy through synchrotron radiation almost
27
instantaneously once they are produced. In this energy range, γ−ray propagation is therefore governed
basically by absorption due to PP or DPP, and the observable flux is dominated by the “direct” or “first
generation” γ−rays, and their flux can be calculated by integrating Eq. (11) up to the absorption length (or
redshift). Since this length is much smaller than the Hubble radius, for a homogeneous source distribution
this reduces to Eq. (12), with lE(E) replaced by the interaction length l(E).
Thus, for a given injection spectrum of γ−rays and electrons for a source beyond a few Mpc, the
observable cascade spectrum depends on the EGMF. As mentioned in Sect. 4.2, the hadronic part of
UHECR is a continuous source of secondary photons whose spectrum may therefore contain information
on the large scale magnetic fields [256]. This spectrum should be measurable down to ≃ 1019 eV if γ−rays
can be discriminated from nucleons at the ∼ 1% level. In more speculative models of UHECR origin such
as the topological defect scenario that predict domination of γ−rays above ∼ 1020 eV, EGMFs can have
even more direct consequences for UHECR fluxes and constraints on such scenarios (see Sect. 7.1).
The photons coming from the synchrotron radiation of electrons of energy E have a typical energy
given by
Esyn ≃ 6.8× 1013
(
E
1021 eV
)2 ( B
10−9G
)
eV , (29)
which is valid in the classical limit, Esyn ≪ E. Constraints can arise when this energy falls in a range where
there exist measurements of the diffuse γ−ray flux, such as from EGRET around 1GeV [185], or upper
limits on it, such as at 50−100TeV from HEGRA [257], and between ≃ 6×1014 eV and ≃ 6×1016 eV from
CASA-MIA [258]. For example, certain strong discrete sources of UHE γ−rays such as massive topological
defects with an almost monoenergetic injection spectrum in a 10−9G EGMF would predict γ−ray fluxes
that are larger than the charged cosmic ray flux for some energies above ≃ 1016 eV and can therefore be
ruled out [259].
4.4.2 Deflection and Delay of Charged Hadrons
Whereas for electrons synchrotron loss is more important than deflection in the EGMF, for charged hadrons
the opposite is the case. A relativistic particle of charge qe and energy E has a gyroradius rg ≃ E/(qeB⊥)
where B⊥ is the field component perpendicular to the particle momentum. If this field is constant over a
distance d, this leads to a deflection angle
θ(E, d) ≃ d
rg
≃ 0.52◦q
(
E
1020 eV
)−1 ( d
1Mpc
)(
B⊥
10−9G
)
. (30)
Magnetic fields beyond the Galactic disk are poorly known and include a possible extended field in the
halo of our Galaxy and a large scale EGMF. In both cases, the magnetic field is often characterized by an
r.m.s. strength B and a correlation length lc, i.e. it is assumed that its power spectrum has a cut-off in
wavenumber space at k = 2π/lc and in real space it is smooth on scales below lc. If we neglect energy loss
processes for the moment, then the r.m.s. deflection angle over a distance d in such a field is
θ(E, d) ≃ (2dlc/9)
1/2
rg
≃ 0.8◦ q
(
E
1020 eV
)−1 ( d
10Mpc
)1/2 ( lc
1Mpc
)1/2 ( B
10−9G
)
, (31)
for d >∼ lc, where the numerical prefactors were calculated from the analytical treatment in Ref. [260]. There
it was also pointed out that there are two different limits to distinguish: For dθ(E, d)≪ lc, particles of all
energies “see” the same magnetic field realization during their propagation from a discrete source to the
observer. In this case, Eq. (31) gives the typical coherent deflection from the line-of-sight source direction,
and the spread in arrival directions of particles of different energies is much smaller. In contrast, for
dθ(E, d)≫ lc, the image of the source is washed out over a typical angular extent again given by Eq. (31),
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but in this case it is centered on the true source direction. If dθ(E, d) ≃ lc, the source may even have
several images, similar to the case of gravitational lensing. Therefore, observing images of UHECR sources
and identifying counterparts in other wavelengths would allow one to distinguish these limits and thus
obtain information on cosmic magnetic fields. If d is comparable to or larger than the interaction length
for stochastic energy loss due to photo-pion production or photodisintegration, the spread in deflection
angles is always comparable to the average deflection angle.
Deflection also implies an average time delay of
τ(E, d) ≃ dθ(E, d)2/4 ≃ 1.5× 103 q2
(
E
1020 eV
)−2 ( d
10Mpc
)2 ( lc
1Mpc
)(
B
10−9G
)2
yr (32)
relative to rectilinear propagation with the speed of light. It was pointed out in Ref. [261] that, as a
consequence, the observed UHECR spectrum of a bursting source at a given time can be different from its
long-time average and would typically peak around an energy E0, given by equating τ(E, d) with the time
of observation relative to the time of arrival for vanishing time delay. Higher energy particles would have
passed the observer already, whereas lower energy particles would not have arrived yet. Similarly to the
behavior of deflection angles, the width of the spectrum around E0 would be much smaller than E0 if both
d is smaller than the interaction length for stochastic energy loss and dθ(E, d)≪ lc. In all other cases the
width would be comparable to E0.
Constraints on magnetic fields from deflection and time delay cannot be studied separately from the
characteristics of the “probes”, namely the UHECR sources, at least as long as their nature is unknown.
An approach to the general case is discussed in Sect. 4.7.
4.5 Constraints on EHECR Source Locations
Nucleons, nuclei, and γ−rays above a few 1019 eV cannot have originated much further away than ≃
50Mpc. For nucleons this follows from the GZK effect (see Fig. 9, the range of nuclei is limited mainly by
photodisintegration on the CMB (see Sect. 4.1), whereas photons are restricted by PP and DPP on the CMB
and URB (see Fig. 11). Together with Eq. (31) this implies that above a few 1019 eV the arrival direction
of such particles should in general point back to their source within a few degrees [12]. This argument is
often made in the literature and follows from the Faraday rotation bound on the EGMF and a possible
extended field in the halo of our Galaxy, which in its original form reads Bl
1/2
c <∼ 10−9GMpc1/2 [262, 263],
as well as from the known strength and scale height of the field in the disk of our Galaxy, Bg ≃ 3×10−6G,
lg <∼ 1 kpc. Furthermore, the deflection in the disk of our Galaxy can be corrected for in order to reconstruct
the extragalactic arrival direction: Maps of such corrections as a function of arrival direction have been
calculated in Refs. [264, 265] for plausible models of the Galactic magnetic field. The deflection of UHECR
trajectories in the Galactic magnetic field may, however, also give rise to several other important effects [266]
such as (de)magnification of the UHECR fluxes due to the magnetic lensing effect mentioned in the previous
section (which can modify the UHECR spectrum from individual sources), formation of multiple images of
a source, and apparent “blindness” of the Earth towards certain regions of the sky with regard to UHECR.
These effects may in turn have important implications for UHECR source locations.
However, important modifications of the Faraday rotation bound on the EGMF have recently been
discussed in the literature: The average electron density which enters estimates of the EGMF from rotation
measures, can now be more reliably estimated from the baryon density Ωbh
2 ≃ 0.02, whereas in the original
bound the closure density was used. Assuming an unstructured Universe and Ω0 = 1 results in the much
weaker bound [267]
B <∼ 3× 10−7
(
Ωbh
2
0.02
)−1 (
h
0.65
)(
lc
Mpc
)−1/2
G , (33)
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which suggests much stronger deflection. However, taking into account the large scale structure of the
Universe in the form of voids, sheets, filaments etc., and assuming flux freezing of the magnetic fields
whose strength then approximately scales with the 2/3 power of the local density, leads to more stringent
bounds: Using the Lyman α forest to model the density distribution yields [267]
B <∼ 10−9 − 10−8G (34)
for the large scale EGMF for coherence scales between the Hubble scale and 1 Mpc. This estimate is closer
to the original Faraday rotation limit. However, in this scenario the maximal fields in the sheets and voids
can be as high as a µG [268, 267, 269].
Therefore, according to Eq. (31) and (34), deflection of UHECR nucleons is still expected to be on the
degree scale if the local large scale structure around the Earth is not strongly magnetized. However, rather
strong deflection can occur if the Supergalactic Plane is strongly magnetized, for particles originating in
nearby galaxy clusters where magnetic fields can be as high as 10−6G [262, 263, 270] (see Sect. 4.6) and/or
for heavy nuclei such as iron [26]. In this case, magnetic lensing in the EGMF can also play an important
role in determining UHECR source locations [311, 316].
4.6 Source Search for EHECR Events
The identification of sources of EHECR has been attempted in it least two different ways:
First, it has been tried to associate some of the EHE events with discrete sources. For the 300EeV
Fly’s Eye event, potential extragalactic sources have been discussed in Ref. [26]. Prominent objects that
are within the range of nuclei and nucleons typically require strong magnetic bending, such as Cen A at
≃ 3Mpc and ≃ 136◦ from the arrival direction, Virgo A (13− 26Mpc, ≃ 87◦), and M82 (3.5Mpc, ≃ 37◦).
The Seyfert galaxy MCG 8-11-11 at 62 − 124Mpc and the radio galaxy 3C134 of Fanaroff-Riley (FR)
class II are within about 10◦ of the arrival direction. Due to Galactic obscuration, the redshift (and thus
the distance) of the latter is, however, not known with certainty, and estimates range between 30 and
500Mpc [271]. A powerful quasar, 3C147, within the Fly’s Eye event error box at redshift z ≃ 0.5 has been
suggested as a neutrino source [72]. A potential problem of this option is that standard neutrino-nucleon
cross sections predict an interaction probability of neutrinos near 1020 eV of ∼ 10−5 in the atmosphere.
As long as deflection in the EGMF is not too strong [see Eq. (31)], the required large neutrino flux would
most likely imply a comparable nucleon flux below the GZK cutoff that is not observed [272]. We note,
however, that, in contrast to interactions with the RNB, the CM energy of a neutrino-nucleon collision
at that energy is a few hundred TeV where new physics beyond the electroweak scale could enhance the
neutrino-nucleon cross section (see discussion in Sect. 4.3.1). For the highest energy AGASA event, a
potential source for the neutrino option is the FR-II galaxy 3C33 at ≃ 300Mpc distance, whereas the FR-I
galaxy NGC 315 at ≃ 100Mpc is a candidate in case of a nucleon primary. A Galactic origin for both the
highest energy Fly’s Eye and AGASA event seems only possible in case of iron primaries and an extended
Galactic halo magnetic field [273].
Second, identification of UHECR sources with classes of astrophysical objects has been attempted by
testing statistical correlations between arrival directions and the locations of such objects. The Haverah
park data set and some data from the AGASA, the Volcano Ranch, and the Yakutsk experiments were
tested for correlation with the Galactic and Supergalactic plane, and positive result at a level of almost 3σ
was found for the latter case for events above 4 × 1019 eV [79]. An analysis of the SUGAR data from the
southern hemisphere, however, did not give significant correlations [80]. More recently, a possible correla-
tion of a subset of about 20% of the events above 4×1019 eV among each other and with the Supergalactic
Plane was reported by the AGASA experiment, whereas the rest of the events seemed consistent with an
isotropic distribution [81, 83]. Results from a similar analysis combining data from the Volcano Ranch, the
Haverah Park, the Yakutsk, and the Akeno surface arrays in the northern hemisphere [274], as well as from
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these and the Fly’s Eye experiment [275] were found consistent with that, although no final conclusions
can be drawn presently yet. These findings give support to the hypothesis that at least part of the EHECR
are accelerated in objects associated with the Supergalactic Plane. However, it was subsequently pointed
out [276] that the Supergalactic Plane correlation at least of the Haverah Park data seems to be too strong
for an origin of these particles in objects associated with the large-scale galaxy structure because, within
the range of the corresponding nucleon primaries, galaxies beyond the Local Supercluster become relevant
as well. As a possible resolution it was suggested [277, 271] that the possible existence of strong magnetic
fields with strengths up to µG and coherence lengths in the Mpc range, aligned along the large-scale struc-
ture [268], could produce a focusing effect of UHECR along the sheets and filaments of galaxies. A recent
study claims, however, consistency of the arrival directions of UHECR with the distribution of galaxies
within 50Mpc from the Cfa Redshift Catalog [278]. The case of UHECR correlations with the large scale
structure of galaxies, therefore, does not seem to be settled yet.
Correlations between arrival directions of UHECR above 4×1019 eV and γ−ray burst (GRB) locations
have also been investigated. Although the arrival directions of the two highest energy events are within
the error boxes of two strong GRBs detected by BATSE [279], no significant positive result was found for
the larger UHECR sample [280]. This may be evidence against an association of UHECR with GRBs if
their distance scale is Galactic, but not if they have an extragalactic origin because of the implied large
time delays of UHECR relative to GRB photons (see Sect. 5.3). Furthermore, whereas no enhancement of
the TeV γ−ray flux has been found in the direction of the Fly’s Eye event in Ref. [281], a weak excess was
recently reported in Ref. [282].
Finally, a statistically significant correlation between the arrival directions of UHECR events in the
energy range (0.8—4)×1019 eV and directions of pulsars along the Galactic magnetic field lines has been
claimed for the Yakutsk EAS data in Ref. [283]. It would be interesting to look for similar correlations for
the data sets from other UHECR experiments.
4.7 Detailed Calculations of Ultra-High Energy Cosmic Ray Propagation
In order to obtain accurate predictions of observable CR spectra for given production scenarios, one has
to solve the equations of motion for the total and differential cross sections for the loss processes discussed
in Sects. 4.1−4.4. If deviations from rectilinear propagation are unimportant, for example, if one is only
interested in time averaged fluxes, one typically solves the coupled Boltzmann equations for CR transport
in one spatial dimension either directly or by Monte Carlo simulation. In contrast, if it is important to
follow 3-dimensional trajectories, for example, to compute images of discrete UHECR sources in terms of
energy and time and direction of arrival in the presence of magnetic fields, the only feasible approach for
most purposes is a Monte Carlo simulation. We describe both cases briefly in the following.
4.7.1 Average Fluxes and Transport Equations in One Dimension
Computation of time averaged fluxes from transport equations or one-dimensional Monte Carlo simulation
is most relevant for diffuse fluxes from many sources and for spectra from discrete sources that emit
constantly over long time periods. This is applicable at sufficiently high energies such that deflection
angles in potential magnetic fields are much smaller than unity. Formally, the Boltzmann equations for
the evolution of a set of species with local densities per energy ni(E) are given by
∂tni(E) = −ni(E)
∫
dεnb(ε)
∫ +1
−1
dµ
1− βbβi
2
∑
j
σi→j [s = εE(1 − βbβi)] (35)
+
∫
dE′
∫
dεnb(ε)
∫ +1
−1
dµ
∑
j
1− βbβ′j
2
nj(E
′)
dσj→i
dE
[
s = εE′(1− βbβj), E
]
+Φi
31
for an isotropic background distribution (here assumed to be only one species) with our notation (see
Eqs. 7, 8) extended to several species. We briefly summarize work on solving these equations for the
propagation of nucleons, nuclei, γ−rays, electrons, and neutrinos in turn.
Nucleons and Nuclei
Motivated by conventional acceleration models (see Sect. 5), many studies on propagation of nucleons and
nuclei have been published in the literature. Approximate analytical solutions of the transport equations
can only be found for very specific situations, for example, for the propagation of nucleons near the GZK
cutoff (e.g., [284, 285, 286, 287]) and/or under certain simplifying assumptions such as the CEL approxi-
mation Eqs. (10)−(12) for nucleons (e.g., [288, 289]) and γ−rays (e.g., [178]). The CEL approximation
is excellent for PPP because of its small inelasticity. For pion production, due to its stochastic nature
implied by its large inelasticity, the CEL approximation tends to produce a sharper pile-up right below the
GZK cutoff compared to exact solutions [290]. It still works reasonably well as long as many pion produc-
tion events take place on average, i.e. for continuous source distributions and for distant discrete sources.
Numerical solutions for nucleons solve the transport equations either directly [291, 290, 156] or through
Monte Carlo simulation [292, 26, 293, 294]. Monte Carlo studies of the photodisintegration histories of
nuclei have first been performed in Ref. [25] and subsequently in Refs. [26, 167, 169].
Electromagnetic Cascades
Numerical calculations of average γ−ray fluxes from EM cascades beyond the analytical CEL approxima-
tion are more demanding due to the exponential growth of the number of electrons and photons and are
usually not feasible within a pure Monte Carlo approach. Such simulations have been performed mainly
in the context of topological defect models of UHECR origin (see Sect. 6). Calculations of the photon flux
between ≃ 100MeV and ≃ 1016GeV (the Grand Unification Scale) have been presented in Ref. [259, 295]
where a hybrid Monte Carlo matrix doubling method [296] was used, and in Ref. [156, 205, 206] where the
transport equations are solved by an implicit numerical method. Such calculations play an important role
in deriving constraints on top-down models from a comparison of the predicted and observed photon flux
down to energies of ≃ 100MeV (see Sect. 7). EM cascade simulations are also relevant for the secondary
γ−ray flux produced from interactions of primary hadrons [290] and its dependence on cosmic magnetic
fields [256]. Under certain circumstances, this secondary flux can become comparable to the primary
flux [184].
Analytical calculations have been performed for saturated EM cascades [182]. These calculations show
that the cascade spectrum below the pair production threshold has a generic shape. This has also been
used to derive constraints on energy injection based on direct observation of this cascade flux or on a
comparison of its side effects, for example, on light element abundances, with observations. We will discuss
these issues in Sects. 7.1 and 7.2.
As a first application of numerical transport calculations we present the effective penetration depth of
EM cascades, which we define as the coefficient lE(E) in Eq. (12), where j(E) is the γ−ray flux resulting
after propagating a homogeneous injection flux Φ(E). Fig. 14 shows results computed for the new estimates
of the IR background from Ref. [163], and for some combinations of the URB and the EGMF.
Neutrino Fluxes
Accurate predictions for the UHE neutrino flux have become more relevant recently due to several proposals
for a km3 scale neutrino observatory [43]. Fluxes of secondary neutrinos from photo-pion production
by UHECR have been calculated numerically, e.g., in Refs. [290, 196, 156], by solving the full transport
equations for nucleons. Because of the small redshifts involved, the neutrinos can be treated as interaction-
free, and the main uncertainties come from the poorly known injection history of the primary nucleons
(see Fig. 31). In top-down scenarios, neutrinos are continuously produced up to very high redshifts and
secondaries produced in neutrino interactions can enhance the UHE neutrino fluxes compared to the simple
absorption approximation used in Refs. [200, 297]. By solving the full Boltzmann equations for the neutrino
cascade, unnormalized spectral shapes of neutrino fluxes from topological defects have been calculated in
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Ref. [195], and absolute fluxes in Ref. [196]. Semianalytical calculations of γ−ray, nucleon, and neutrino
fluxes for a specific class of cosmic string models predicting an absolute normalization of the UHECR
injection rate (see Sect. 6.4.6) have been performed in Ref. [298].
Recently an integrated code has been developed which solves the coupled full transport equations for all
species, i.e, nucleons, γ−rays, electrons, and neutrinos concurrently [205, 206]. This allows, for example, to
make detailed predictions for the spectra of the nucleons and γ−rays produced by resonant Z0 production
of UHE neutrinos on a massive RNB which could serve as a signature of hot dark matter [202, 203] (see
Sect. 4.3.1).
4.7.2 Angle-Time-Energy Images of Ultra-High-Energy Cosmic Ray Sources
In Sect. 4.4 we gave simple analytical estimates for the average deflection and time delay of nucleons
propagating in a cosmic magnetic field. Here we review approaches that have been taken in the literature
to compute effects of magnetic fields on both spectra and angular images (and their time dependence) of
sources of UHE nucleons.
Strong Deflection
An exact analytical expression for the distribution of time delays that applies in the limit dθ(E, d)≫ lc for
E <∼ 4× 1019 eV where photo-pion production is negligible has been given in Ref. [260]. The consequences
for the spectra in this energy range and their temporal behavior, especially for the possibility of bursting
sources such as cosmological GRBs (see Sect. 5.3), have been discussed there.
Indications for rather strong magnetic fields in the range between 10−8G up to 10−6G have been
observed near large mass agglomerations such as clusters of galaxies or even the filaments and sheets
connecting them [262, 263]. UHECR deflection in such regions could be strong enough for the diffusion
approximation to become applicable. The uncertainties in strength and spectrum of the magnetic fields
translate directly into a corresponding uncertainty in the energy dependent diffusion coefficient D(E) which
is often obtained by simply fitting calculated fluxes to the data. At ∼ 1019 eV estimated values of D(E)
range between ≃ 5 × 1033 cm2 sec−1 and ≃ 3 × 1035 cm2 sec−1, and energy dependence like D(E) ∝ Eα
with α in the range 1/3 and 1 have been suggested [35, 299].
Several approximate treatments for calculations of fluxes in the diffusion approximation have been
pursued in the literature: If pion production is treated in the CEL approximation, the problem reduces to
solving Eq. (10) with an additional, in general location and energy dependent diffusion coefficient D(r, E):
∂tn(r, E) = −∂E [b(E)n(r, E)] +∇ [D(r, E)∇n(r, E)] + Φ(E) . (36)
If D(r, E) is independent of r, an analytical solution of this “energy loss-diffusion equation” given by
Syrovatskii [300] can be employed. This solution or approximations to it have been used in Refs. [299, 35,
301] to compute the expected spectra from discrete sources in an EGMF of a few 10−8G for energies up to
≃ 1020 eV (the typical range of validity of the diffusion approximation). In some sense a complementary
approach has been taken in Ref. [292] where the effects of diffusion were taken into account by using an
average propagation time roughly given by d2/D(E) and treating pion production exactly by Monte Carlo.
Ref. [302] improved on that by representing the EGMF (assumed to be homogeneous) by a finite number
of modes and following trajectories explicitly. This paper did, however, not present any spectra directly.
Once Eq. (36) has been solved, the anisotropy defined in Eq. (2) can be calculated from the relation [35]
δ(E) = 3
D(r, E)
n(r, E)
|∇n(r, E)| . (37)
As mentioned in Sect. 3.2, Eq. (36) and its generalization to an anisotropic diffusion tensor plays a promi-
nent role also in models of Galactic CR propagation. We stress here that while this equation provides
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a good description of the propagation of Galactic CR for energies up to the knee, it has rather limited
applicability in studying UHECR propagation which often takes place in the transition regime between
diffusion and rectilinear propagation (see below).
Small Deflection
For small deflection angles and if photo-pion production is important, one has to resort to numerical
Monte Carlo simulations in 3 dimensions. Such simulations have been performed in Ref. [303] for the case
dθ(E, d)≫ lc and in Refs. [304, 293, 294] for the general case.
In Refs. [304, 293, 294] the Monte Carlo simulations were performed in the following way: The magnetic
field was represented as Gaussian random field with zero mean and a power spectrum with
〈
B2(k)
〉 ∝ knH
for k < kc and
〈
B2(k)
〉
= 0 otherwise, where kc = 2π/lc characterizes the numerical cut-off scale and the
r.m.s. strength is B2 =
∫∞
0 dk k
2
〈
B2(k)
〉
. The field is then calculated on a grid in real space via Fourier
transformation. For a given magnetic field realization and source, nucleons with a uniform logarithmic
distribution of injection energies are propagated between two given points (source and observer) on the
grid. This is done by solving the equations of motion in the magnetic field interpolated between the grid
points, and subjecting nucleons to stochastic production of pions and (in case of protons) continuous loss
of energy due to PP. Upon arrival, injection and detection energy, and time and direction of arrival are
recorded. From many (typically 40000) propagated particles, a histogram of average number of particles
detected as a function of time and energy of arrival is constructed for any given injection spectrum by
weighting the injection energies correspondingly. This histogram can be scaled to any desired total fluence
at the detector and, by convolution in time, can be constructed for arbitrary emission time scales of the
source. An example for the distribution of arrival times and energies of UHECR from a bursting source is
given in Fig. 15.
We adopt the following notation for the parameters: τ100 denotes the time delay due to magnetic
deflection at E = 100EeV and is given by Eq. (32) in terms of the magnetic field parameters; TS denotes
the emission time scale of the source; TS ≪ 1yr correspond to a burst, and TS ≫ 1yr (roughly speaking) to
a continuous source; γ is the differential index of the injection energy spectrum; N0 denotes the fluence of
the source with respect to the detector, i.e., the total number of particles that the detector would detect
from the source on an infinite time scale; finally, L is the likelihood, function of the above parameters.
By putting windows of width equal to the time scale of observation over these histograms one obtains
expected distributions of events in energy and time and direction of arrival for a given magnetic field real-
ization, source distance and position, emission time scale, total fluence, and injection spectrum. Examples
of the resulting energy spectrum are shown in Fig. 16. By dialing Poisson statistics on such distributions,
one can simulate corresponding observable event clusters.
Conversely, for any given real or simulated event cluster, one can construct a likelihood of the observa-
tion as a function of the time delay, the emission time scale, the differential injection spectrum index, the
fluence, and the distance. In order to do so, and to obtain the maximum of the likelihood, one constructs
histograms for many different parameter combinations as described above, randomly puts observing time
windows over the histograms, calculates the likelihood function from the part of the histogram within the
window and the cluster events, and averages over different window locations and magnetic field realizations.
In Ref. [293] this approach has been applied to and discussed in detail for the three pairs observed by
the AGASA experiment [81], under the assumption that all events within a pair were produced by the
same discrete source. Although the inferred angle between the momenta of the paired events acquired in
the EGMF is several degrees [305], this is not necessarily evidence against a common source, given the
uncertainties in the Galactic field and the angular resolution of AGASA which is ≃ 2.5◦. As a result of
the likelihood analysis, these pairs do not seem to follow a common characteristic; one of them seems to
favor a burst, another one seems to be more consistent with a continuously emitting source. The current
data, therefore, does not allow one to rule out any of the models of UHECR sources. Furthermore, two
of the three pairs are insensitive to the time delay. However, the pair which contains the 200EeV event
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seems to significantly favor a comparatively small average time delay, τ100 <∼ 10 yr, as can be seen from the
likelihood function marginalized over TS and N0 (see Fig. 17). According to Eq. (32) this translates into
a tentative bound for the r.m.s. magnetic field, namely,
B <∼ 2× 10−11
(
lc
1Mpc
)−1/2 ( d
30Mpc
)−1
G , (38)
which also applies to magnetic fields in the halo of our Galaxy if d is replaced by the lesser of the source
distance and the linear halo extent. If confirmed by future data, this bound would be at least two orders of
magnitude more restrictive than the best existing bounds which come from Faraday rotation measurements
[see Eq. (34)] and, for a homogeneous EGMF, from CMB anisotropies [306]. UHECR are therefore at least
as sensitive a probe of cosmic magnetic fields as other measures in the range near existing limits such as
the polarization [307] and the small scale anisotropy [308] of the CMB.
More generally, confirmation of a clustering of EHECR would provide significant information on both
the nature of the sources and on large-scale magnetic fields [309]. This has been shown quantitatively [294]
by applying the hybrid Monte Carlo likelihood analysis discussed above to simulated clusters of a few tens
of events as they would be expected from next generation experiments [5] such as the High Resolution
Fly’s Eye [84], the Telescope Array [85], and most notably, the Pierre Auger Project [86] (see Sect. 2.6),
provided the clustering recently suggested by the AGASA experiment [81, 83] is real. The proposed satellite
observatory concept for an Orbiting Wide-angle Light collector (OWL) [87] might even allow one to detect
clusters of hundreds of such events.
Five generic situations of the time-energy images of UHECR were discussed in Ref. [294], classified
according to the values of the time delay τE induced by the magnetic field, the emission timescale of the
source TS, as compared to the lifetime of the experiment. The likelihood calculated for the simulated
clusters in these cases presents different degeneracies between different parameters, which complicates the
analysis. As an example, the likelihood is degenerate in the ratios N0/TS, or N0/∆τ100, where N0 is the
total fluence, and ∆τ100 is the spread in arrival time; these ratios represent rates of detection. Another
example is given by the degeneracy between the distance d and the injection energy spectrum index γ.
Yet another is the ratio (dτE)
1/2/lc, that controls the size of the scatter around the mean of the τE − E
correlation. Therefore, in most general cases, values for the different parameters cannot be pinned down,
and generally, only domains of validity are found. In the following the reconstruction quality of the main
parameters considered is summarized.
The distance to the source can be obtained from the pion production signature, above the GZK cut-off,
when the emission timescale of the source dominates over the time delay. Since the time delay decreases
with increasing energy, the lower the energy EC, defined by τEC ≃ TS, the higher the accuracy on the
distance d. The error on d is, in the best case, typically a factor 2, for one cluster of ≃ 40 events. In this
case, where the emission timescale dominates over the time delay at all observable energies, information
on the magnetic field is only contained in the angular image, which was not systematically included in the
likelihood analysis of Ref. [294] due to computational limits. Qualitatively, the size of the angular image
is proportional to B(dlc)
1/2/E, whereas the structure of the image, i.e., the number of separate images, is
controlled by the ratio d3/2B/l
1/2
c /E. Finally, in the case when the time delay dominates over the emission
timescale, with a time delay shorter than the lifetime of the experiment, one can also estimate the distance
with reasonable accuracy.
Some sensitivity to the injection spectrum index γ exists whenever events are recorded over a sufficiently
broad energy range. At least if the distance d is known, it is in general comparatively easy to rule out a
hard injection spectrum if the actual γ >∼ 2.0, but much harder to distinguish between γ = 2.0 and 2.5.
If the lifetime of the experiment is the largest time scale involved, the strength of the magnetic field
can only be obtained from the time-energy image because the angular image will not be resolvable. When
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the time delay dominates over the emission timescale, and is, at the same time, larger than the lifetime of
the experiment, only a lower limit corresponding to this latter timescale, can be placed on the time delay
and hence on the strength of the magnetic field. When combined with the Faraday rotation upper limit
Eq. (34), this would nonetheless allow one to bracket the r.m.s. magnetic field strength within a few orders
of magnitude. In this case also, significant information is contained in the angular image. If the emission
time scale is larger then the delay time, the angular image is obviously the only source of information on
the magnetic field strength.
The coherence length lc enters in the ratio (dτE)
1/2/lc that controls the scatter around the mean of the
τE − E correlation in the time-energy image. It can therefore be estimated from the width of this image,
provided the emission timescale is much less than τE (otherwise the correlation would not be seen), and
some prior information on d and τE is available.
An emission timescale much larger than the experimental lifetime may be estimated if a lower cut-
off in the spectrum is observable at an energy EC, indicating that TS ≃ τEC . The latter may, in turn, be
estimated from the angular image size via Eq. (32), where the distance can be estimated from the spectrum
visible above the GZK cut-off, as discussed above. An example of this scenario is shown in Fig. 18. For
angular resolutions ∆θ, timescales in the range
3× 103
(
∆θ
1◦
)2 ( d
10Mpc
)
yr <∼ TS ≃ τE <∼ 104 · · · 107
(
E
100EeV
)−2
yr (39)
could be probed. The lower limit follows from the requirement that it should be possible to estimate τE
from θE, using Eq. (32), otherwise only an upper limit on TS, corresponding to this same number, would
apply. The upper bound in Eq. (39) comes from constraints on maximal time delays in cosmic magnetic
fields, such as the Faraday rotation limit in the case of cosmological large-scale field (smaller number) and
knowledge on stronger fields associated with the large-scale galaxy structure (larger number). Eq. (39)
constitutes an interesting range of emission timescales for many conceivable scenarios of ultra-high energy
cosmic rays. For example, the hot spots in certain powerful radio galaxies that have been suggested as
ultra-high energy cosmic ray sources [286], have a size of only several kpc and could have an episodic
activity on timescales of ∼ 106 yr.
A detailed comparison of analytical estimates for the distributions of time delays, energies, and deflec-
tion angles of nucleons in weak random magnetic fields with the results of Monte Carlo simulations has been
presented in Ref. [310]. In this work, deflection was simulated by solving a stochastic differential equation
and observational consequences for the two major classes of source scenarios, namely continuous and im-
puslive UHECR production, were discussed. In agreement with earlier work [261] it was pointed out that
at least in the impulsive production scenario and for an EGMF in the range 0.1− 1× 10−9G, as required
for cosmological GRB sources (see Sect. 5.3 below), there is a typical energy scale Eb ∼ 1020.5 − 1021.5 eV
below which the flux is quasi-steady due to the spread in arrival times, whereas above which the flux is
intermittent with only a few sources contributing.
General Case
Unfortunately, neither the diffusive limit nor the limit of nearly rectilinear propagation is likely to be
applicable to the propagation of UHECR around 1020 eV in general. This is because in magnetic fields in
the range of a few 10−8G, values that are realistic for the Supergalactic Plane [277, 271], the gyro radii
of charged particles is of the order of a few Mpc which is comparable to the distance to the sources. An
accurate, reliable treatment in this regime can only be achieved by numerical simulation.
To this end, the Monte Carlo simulation approach of individual trajectories developed in Refs. [293, 294]
has recently been generalized to arbitrary deflections [311]. The Supergalactic Plane was modeled as a
sheet with a thickness of a few Mpc and a Gaussian density profile. The same statistical description for
the magnetic field was adopted as in Refs. [293, 294], but with a field power law index nH = −11/3,
representing a turbulent Kolmogorov type spectrum, and weighted with the sheet density profile. It
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should be mentioned, however, that other spectra, such as the Kraichnan spectrum [312], corresponding to
nH = −7/2, are also possible. The largest mode with non-zero power was taken to be the largest turbulent
eddy whose size is roughly the sheet thickness. In addition, a coherent field component Bc is allowed that
is parallel to the sheet and varies proportional to the density profile.
When CR backreaction on the weakly turbulent magnetic field is neglected, the diffusion coefficient
of CR of energy E is determined by the magnetic field power on wavelenghts comparable to the particle
Larmor radius, and can be approximated by [313]
D(E) ≃ 1
3
rg(E)
B∫
∞
1/rg(E)
dk k2 〈B2(k)〉 . (40)
As a consequence, for the Kolmogorov spectrum, in the diffusive regime, where τE >∼ d, the diffusion
coefficient should scale with energy as D(E) ∝ E1/3 for rg <∼ L/(2π), and as D(E) ∝ E in the so called
Bohm diffusion regime,rg >∼ L/(2π). This should be reflected in the dependence of the time delay τE on
energy E: From the rectilinear regime, τE <∼ d, hence at the largest energies, where τE ∝ E−2, this should
switch to τE ∝ E−1 in the regime of Bohm diffusion, and eventually to τE ∝ E−1/3 at the smallest energies,
or largest time delays. Indeed, all three regimes can be seen in Fig. 19 which shows an example of the
distribution of arrival times and energies of UHECR from a bursting source.
In a steady state situation, diffusion leads to a modification of the injection spectrum by roughly a factor
τE, at least in the absence of significant energy loss and for a homogeneous, infinitely extended medium
that can be described by a spatially constant diffusion coefficient. Since in the non-diffusive regime the
observed spectrum repeats the shape of the injection spectrum, a change to a flatter observed spectrum at
high energies is expected in the transition region [299]. From the spectral point of view this suggests the
possibility of explaining the observed UHECR flux above ≃ 10EeV including the highest energy events
with only one discrete source [301].
The more detailed Monte Carlo simulations reveal the following refinements of this qualitative picture:
The presence of a non-trivial geometry where the magnetic field falls off at large distances, such as with a
sheet, tends to deplete the flux in the diffusive regime as compared to the case of a homogeneous medium.
This is the dominant effect as long as particles above the GZK cutoff do not diffuse, this being the case,
for example, for an r.m.s. field strength of B <∼ 5 × 10−8G, d ≃ 10Mpc. The simple explanation is that
the fixed total amount of particles injected over a certain time scale is distributed over a larger volume
in case of a non-trivial geometry due to faster diffusion near the boundary of the strong field region.
With increasing field strengths the diffusive regime will extend to energies beyond the GZK cutoff and the
increased pion production losses start to compensate for the low energy suppression from the non-trivial
geometry. For very strong fields, for example, for B >∼ 10−7G, d ≃ 10Mpc, the pion production effect will
overcompensate the geometry effect and reverse the situation: In this case, the flux above the GZK cutoff
is strongly suppressed due to the diffusively enhanced pion production losses and the flux at lower energies
is enhanced. Therefore, there turns out to be an optimal field strength that depends on the source distance
and provides an optimal fit to the data above 10EeV. The optimal case for d = 10Mpc, with a maximal
r.m.s. field strength of Bmax = 10
−7G in the plane center is shown in Fig. 20.
Furthermore, the numerical results indicate an effective gyroradius that is roughly a factor 10 higher
than the analytical estimate, with a correspondingly larger diffusion coefficient compared to Eq. (40).
In addition, the fluctuations of the resulting spectra between different magnetic field realizations can be
substantial, as can be seen in Fig. 20. This is a result of the fact that most of the magnetic field power is
on the largest scales where there are the fewest modes. These considerations mean that the applicability
of analytical flux estimates of discrete sources in specific magnetic field configurations is rather limited.
Angular images of discrete sources in a magnetized Supercluster in principle contain information on
the magnetic field structure. For the recently suggested field strengths between ∼ 10−8G and ≃ 1µG the
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angular images are large enough to exploit that information with instruments of angular resolution in the
degree range. An example where a transition from several images at low energies to one image at high
energies allows one to estimate the magnetic field coherence scale is shown in Fig. 21.
The newest AGASA data [83], however, indicate an isotropic distribution of EHECR. To explain this
with only one discrete source would require the magnetic fields to be so strong that the flux beyond 1020 eV
would most likely be too strongly suppressed by pion production, as discussed above. This suggests a more
continuous source distribution which may also still reproduce the observed UHECR flux above ≃ 10EeV
with only one spectral component [314]. A more systematic parameter study of sky maps and spectra in
UHECR in different scenarios is therefore now being pursued [315, 316].
Intriguingly, scenarios in which a diffuse source distribution follows the density in the Supergalactic
Plane within a certain radius, can accomodate both the large scale isotropy and the small scale clustering
revealed by AGASA if a magnetic field of strength B >∼ 0.05µG permeates the Supercluster [316].
Fig. 22 shows the angular distribution in Galactic coordinates in such a scenario for different field
strengths and source distribution radii. The integral angular distributions with respect to the Supergalactic
Plane for two such cases are shown in Fig. 23.
Detailed Monte Carlo simulations performed on these distributions reveal that the anisotropy decreases
with increasing magnetic field strength due to diffusion and that small scale clustering increases with
coherence and strength of the magnetic field due to magnetic lensing. Both anisotropy and clustering also
increase with the (unknown) source distribution radius. Furthermore, the discriminatory power between
models with respect to anisotropy and clustering strongly increases with exposure [316].
Finally, the corresponding solid angle integrated spectra show negligible cosmic variance for diffuse
sources and fit the data well both for Bmax = 0.05µG and for Bmax = 0.5µG, as shown in Fig. 24.
As a result, a diffuse source distribution associated with the Supergalactic Plane can explain most of
the currently observed features of ultra-high energy cosmic rays at least for field strengths close to 0.5µG.
The large-scale anisotropy and the clustering predicted by this scenario will allow strong discrimination
against other models with next generation experiments such as the Pierre Auger Project.
4.8 Anomalous Kinematics, Quantum Gravity Effects, Lorentz symmetry violations
The existence of UHECR beyond the GZK cutoff has prompted several suggestions of possible new physics
beyond the Standard Model. We have already discussed some of these suggestions in Sect. 4.3 in the
context of propagation of UHECR in the extragalactic space. Further, in Sect. 6 we will discuss suggestions
regarding possible new sources of EHECR that also involve postulating new physics beyond the Standard
Model. In the present section, to end our discussions on the propagation and interactions of UHE radiation,
we briefly discuss some examples of possible small violations or modifications of certain fundamental
tenets of physics (and constraints on the magnitude of those violations/modifications) that have also been
discussed in the literature in the context of propagation of UHECR.
For example, as an interesting consequence of the very existence of UHECR, constraints on possible
violations of Lorentz invariance (VLI) have been pointed out [317]. These constraints rival precision
measurements in the laboratory: If events observed around 1020 eV are indeed protons, then the difference
between the maximum attainable proton velocity and the speed of light has to be less than about 1×10−23,
otherwise the proton would lose its energy by Cherenkov radiation within a few hundred centimeters.
Possible tests of other modes of VLI with UHECR have been discussed in Ref. [318], and in Ref. [319] in
the context of horizontal air-showers generated by cosmic rays in general. Gonzalez-Mestres [318], Coleman
and Glashow [320], and earlier, Sato and Tati [321] and Kirzhnits and Chechin [322] have also suggested
that due to modified kinematical constraints the GZK cutoff could even be evaded by allowing a tiny VLI
too small to have been detected otherwise. Similar consequences apply to other energy loss processes such
as pair production by photons above a TeV with the low energy photon background [323]. It seems to
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be possible to accomodate such effects within theories involving generalized Lorentz transformations [324]
or deformed relativistic kinematics [325]. Furthermore, it has been pointed out [326] that violations of
the principle of equivalence (VPE), while not dynamically equivalent, also produce the same kinematical
effects as VLI for particle processes in a constant gravitational potential, and so the constraints on VLI
from UHECR physics can be translated into constraints on VPE such that the difference between the
couplings of protons and photons to gravity must be less than about 1 × 10−19. Again, this constraint
is more stringent by several orders of magnitude than the currently available laboratory constraint from
Eo¨tvo¨s experiments.
As a specific example of VLI, we consider an energy dependent photon group velocity ∂E/∂k = c[1 −
χE/E0 + O(E2/E20 )] where c is the speed of light in the low energy limit, χ = ±1, and E0 denotes the
energy scale where this modification becomes of order unity. This corresponds to a dispersion relation
c2k2 ≃ E2 + χE
3
E0
, (41)
which, for example, can occur in quantum gravity and string theory [327]. The kinematics of electron-
positron pair production in a head-on collision of a high energy photon of energy E with a low energy
background photon of energy ε then leads to the constraint
ε ≃ E
4
(
m2e
E1E2
+ θ1θ2
)
+ χ
E2
4E0
, (42)
where Ei and θi ∼ O(m/Ei) are respectively the energy and outgoing momentum angle (with respect to
the original photon momentum) of the electron and positron (i = 1, 2). For the case considered by Coleman
and Glashow [317] in which the maximum attainable speed ci of the matter particle is different from the
photon speed c, the kinematics can be obtained by substituting c2i − c2 for χE/E0 in Eq. (42).
Let us define a critical energy Ec = (m
2
eE0)
1/3 ≃ 15(E0/mPl)1/3 TeV in the case of the energy dependent
photon group velocity, and Ec = me/|c2i − c2|1/2 in the case considered by Coleman and Glashow. If χ < 0,
or ci < c, then ε becomes negative for E >∼ Ec. This signals that the photon can spontaneously decay
into an electron-positron pair and propagation of photons across extragalactic distances will in general be
inhibited. The observation of extragalactic photons up to ≃ 20TeV [328, 329] therefore puts the limits
E0 >∼MPl or c2i − c2 >∼ −2×10−17. In contrast, if χ > 0, or ci > c, ε will grow with energy for E >∼ Ec until
there is no significant number of target photon density available and the Universe becomes transparent
to UHE photons. A clear test of this possibility would be the observation of >∼ 100TeV photons from
distances >∼ 100Mps [330].
In addition, the dispersion relation Eq. (41) implies that a photon signal at energy E will be spread
out by ∆t ≃ (d/c)(E/E0) ≃ 1(d/100Mpc)(E/TeV)(E0/MPl)−1 s. The observation of γ−rays at energies
E >∼ 2TeV within ≃ 300 s from the AGN Markarian 421 therefore puts a limit (independent of χ) of
E0 >∼ 4 × 1016GeV, whereas the possible observation of γ−rays at E >∼ 200TeV within ≃ 200 s from a
GRB by HEGRA might be sensitive to E0 ≃MPl [331]. For a recent detailed discussion of these limits see
Ref. [332].
A related proposal originally due to Kostelecky´ in the context of CR suggests the electron neutrino to
be a tachyon [333]. This would allow the proton in a nucleus of mass m(A,Z) for mass number A and
charge Z to decay via p → n + e+ + νe above the energy threshold Eth = m(A,Z)[m(A,Z ± 1) +me −
m(A,Z)]/|mνe | which, for a free proton, is Eth ≃ 1.7 × 1015/(|mνe |/eV) eV. Ehrlich [334] claims that by
choosing m2νe ≃ −(0.5 eV)2 it is possible to explain the knee and several other features of the observed CR
spectrum, including the high energy end, if certain assumptions about the source distribution are made.
The experimental best fit values of m2νe from tritium beta decay experiments are indeed negative [335],
although this is most likely due to unresolved experimental issues. In addition, the values of |m2νe | from
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tritium beta decay experiments are typically larger than the value required to fit the knee of the CR
spectrum. This scenario also predicts a neutron line around the knee energy [336].
5 Origin of UHECR: Acceleration Mechanisms and Sources
As mentioned in Sect. 3.3, the first-order Fermi acceleration in the form of DSAM when applied to shocks
in supernova remnants can accelerate particles to energies perhaps up to ∼ 1017 eV (see, e.g., Ref. [16]),
but probably not much beyond. Thus, SNRs are unlikely to be the sources of the UHECR above ∼ 1017 eV.
Instead, for UHECR, one has to invoke shocks on larger scales, namely extragalactic shocks. Several papers
have, therefore, focussed on extragalactic objects such as AGNs and radio-galaxies as possible sites of
UHECR acceleration. Reviews on this topic can be found, e.g., in Refs. [12, 13, 14, 15, 16, 17, 18, 19, 20].
Below, we briefly discuss the issue of maximum achievable energy within DSAM and then discuss the
viability or otherwise of the extragalactic sources that have been proposed as acceleration sites for CR up
to the highest energies of >∼ 1020 eV. We also briefly mention acceleration of UHECR in pulsars.
5.1 Maximum Achievable Energy within Diffusive Shock Acceleration Mechanism
There is a large body of literature on the subject of DSAM. We urge the reader to consult the reviews
in Refs. [130, 131, 132, 15, 19, 20] for details and original references. In the simplest version of DSAM,
one adopts a so-called test-particle approximation in which the shock structure is given a-priori and is not
affected by the particles being accelerated. One also assumes a non-relativistically moving plane-parallel
shock front. The magnetic field is assumed parallel to the shock normal. The inhomogeneities of the
magnetic field are assumed to scatter particles efficiently so as to result in a nearly isotropic distribution of
the particles. Under these circumstances, one gets (see, for example, Ref. [36], for a text-book derivation)
a universal power-law energy spectrum of the accelerated particles, N(E) ∝ E−q, with index q = (r +
2)/(r−1), where r = u1/u2 is the shock compression ratio, u1 and u2 being the upstream- and downstream
velocities of the fluid in the rest-frame of the shock. The shock-compression ratio r is related to the adiabatic
index of the fluid. For typical astrophysical situations, one gets r < 4 and hence q > 2.
There are several issues that complicate this simple picture. Among these are issues associated with
(a) the effects of a more realistic shock geometry, (b) back-reaction of the accelerated particles on the
shock structure and its effect on the resulting particle spectrum, (c) ultra-relativistic shocks (which may
be relevant for acceleration of particles in GRBs, for example), (d) the question of generation of the
magnetic fluctuations which are necessary for scattering of particles and which determine the mean-free
path of particles and hence the relevant diffusion coefficients which, in turn, effect the spectral shape of
the accelerated particles, and so on. For example, it has been recently claimed [337] that for strong shocks
inclusion of back-reaction effects can result in a significantly harder spectrum with q = 1.5 compared to
the canonical spectrum with q > 2. On the other hand, for ultrarelativistic shocks in the limit Γ → ∞
(Γ being the Lorentz factor of the shock), the spectrum becomes softer (q ≃ 2.2) than the canonical
q = 2 spectrum [338]. Furthermore, it has been claimed recently that Fermi-type shock acceleration by
relativistic blast waves leads to an energy gain of a factor ≃ Γ2 in the first shock crossing cycle, but only
by a factor ≃ 2 in following cycles because particles do not have time to re-isotropize upstream before the
next cycle [339]. For a recent review of particle acceleration at relativistic shocks see Ref. [20].
The above issues are, however, subjects of considerable on-going debates and discussions. Here we will
not go into the subtleties associated with these issues. Instead, we focus directly on the question of the
maximum achievable energy, following the analysis of Ref. [12].
In relativistic shocks the cutoff energy Ec for the source spectrum of accelerated cosmic rays is, in the
test particle approximation, generally given by ZeBR, the product of the charge Ze of the cosmic ray
particle, the magnetic field B and the size R of the shock, multiplied by some factor of order unity [11, 36,
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17, 15, 340, 341]. However, for the highest energies the mean free path of the particle becomes comparable
to the shock size R, which has to be properly taken into account in calculating Ec.
The acceleration of a particle of energy E in an astrophysical shock is governed by the equation
dE
dt
=
E
Tacc
, (43)
where Tacc is the energy dependent acceleration time. For DSAM, the slope q of the resulting power-law
energy spectrum, dN/dE ∝ E−q, of the particles is related to Tacc and Tesc, the mean (in general also
energy dependent) escape time by [36, 340]
q = 1 +
Tacc
Tesc
. (44)
For first-order Fermi acceleration at nonrelativistic shocks, Tacc is usually given by
Tacc =
3
u1 − u2
(
D1
u1
+
D2
u2
)
, (45)
where u1, u2 are the up- and downstream velocities of material flowing through the shock in its rest
frame, and D1 and D2 are the corresponding diffusion coefficients, respectively. Diffusion is dominated by
magnetic pitch angle scattering caused by inhomogeneities in the magnetic field [131]. Therefore, the mean
free path λ is bounded from below by the gyroradius rg = E/(ZeB) multiplied by some factor g, and so
D1 and D2 (for ultra-relativistic particles) can be estimated as
D1,D2 ∼ λ/3 >∼
gE
3ZeB
. (46)
For nonrelativistic shocks, g is usually set equal to 1 [36, 340]. However, as we deal with the UHECR,
we have to consider relativistic shocks because they provide the most powerful accelerators. Monte-Carlo
simulations of such relativistic shocks show that g can be as large as ≃ 40 [342], leading to an effective
slowing-down of acceleration compared to a naive extrapolation of Eq. (45) (with g ≃ 1) to the relativistic
shock case. This is, however, partially compensated for by an additional factor which reaches a value of
about 10 in highly inclined, and by about a factor of 13.5 in parallel [342], relativistic shocks, respectively,
in the limit u1 → 1. There is, however, some disagreement on this issue [343].
Putting everything together and minimizing Tacc from eq. (45) as a function of u1 and u2 in the interval
[0,1] we arrive at
Tacc >∼
g
2.25
E
ZeB
. (47)
On the other hand, as long as the diffusion approximation is valid, i.e., as long as λ < R corresponding to
E < Ediff ≡ ZeBR/g, the escape time is given by Tesc = R2/λ, whereas for E ≥ Ediff the particles are, to
a good approximation, freely streaming out of the shock region and Tesc = R. Using eqs. (44) and (47),
we thus get
q(E > Ediff) ∼ 1 + E
2.25Ediff
. (48)
Defining the cutoff energy Ec as the energy where the source spectral index becomes 3 (recall that the
slope of the CR spectrum observed at the earth is around 2.7 in the UHE region) yields
Ec ≡ Eq=3 ∼ 1017 eVZ
(
R
kpc
)(
B
µG
)
. (49)
We have assumed here that the magnetic field is parallel to the shock normal. If that is not the case there
will be an electric field E = u1 × B in the shock rest frame. Together with diffusion effects this causes
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a drift acceleration of charged particles along the shock front [344] to a maximal energy Emax which, for
magnetic field B substantially inclined to the shock normal, is given by
Emax = Zeu1BR ∼ 1018 eVZu1
(
R
kpc
)(
B
µG
)
. (50)
This is about one order of magnitude larger than eq. (49) if u1 approaches the speed of light. However,
the electric field E is expected to be much smaller in general due to plasma effects so that rather special
conditions have to be fulfilled in order that such high energies can be approached. We shall, therefore, take
the estimate in Eq. (49) as a “benchmark” estimate for the maximum achievable energy within DSAM.
5.2 Source Candidates for UHECR
Irrespective of the precise acceleration mechanism, there is a simple dimensional argument, given by
Hillas [11], which allows one to restrict attention to only a few classes of astrophysical objects as pos-
sible sources capable of accelerating particles to a given energy. In any statistical acceleration mechanism,
there must be a magnetic field (B) to keep the particles confined within the acceleration site. Thus, the
size R of the acceleration region must be larger than the diameter of the orbit of the particle ∼ 2rg.
Including the effect of the characteristic velocity βc of the magnetic scattering centers one gets the general
condition [11] (
B
µG
)(
R
kpc
)
> 2
(
E
1018 eV
)
1
Zβ
. (51)
As argued by Hillas [11], the above condition also applies to direct acceleration scenarios (as may
operate for example in the pulsar magnetosphere), in which the electric field arises due to a moving
magnetic field. The dimensional argument expressed by Eq. (51) is often presented in the form of the
famous “Hillas diagram” shown in Fig. 25, which shows that to achieve a given maximum energy, one must
have acceleration sites that have either a large magnetic field or a large size of the acceleration region.
Thus, for example, only a few astrophysical sources — among them, AGNs, radio-galaxies, and pulsars
— satisfy the conditions necessary (but may or may not be sufficient) for acceleration up to ∼ 1020 eV.
Currently, therefore, most discussions of astrophysical acceleration mechanisms for EHECR have focussed
on these objects. Below we briefly summarize the status of these objects as possible acceleration sites for
CR up to EHECR energies.
5.2.1 AGNs and Radio-Galaxies
AGNs and radio-galaxies could be the main contributors to extragalactic CR. Several arguments support
this possibility: First, at least two BL Lacertae objects, a certain class of AGNs, have been observed in
γ−rays above ≃ 10TeV, namely Markarian 421 [328] and Markarian 501 [329]. Photons of such high
energies may be produced by the decay of pions produced in interactions of the accelerated protons with
the ambient matter in these sources (see, e.g., Ref. [345]) rather than by inverse Compton scattering of
low-energy photons by accelerated electrons (e.g., [346]) in these sources. Second, it has been pointed out,
that the energy content in the diffuse γ−ray background measured by EGRET is comparable to the one
required for an extragalactic proton injection spectrum proportional to E−2 up to 1020 eV if it is to explain
the observed UHECR spectrum above the ankle at 1018.5 eV [164]. This is expected if the diffuse photons
again result from the decay of pions produced by the accelerated protons and the subsequent propagation
(cascading) of those photons.
On the other hand, the fast variability of flares recently observed may favor the acceleration of electrons
as an explanation of the highest energy photons observed by ground Cherenkov telescopes [347], which
has triggered reconsideration of theoretical flux predictions in these models [348, 349]. More generally,
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both proton and electron acceleration could provide energy dependent contributions to the γ−ray flux. To
settle this question will require more data from the optical up to the TeV range, whose current status is
reviewed in Ref. [350]. Recently, a flare with hour-scale variability was observed simultaneously in X-rays
and very high energy γ−rays from Markarian 421 [351]; the implications of this observation for the emission
mechanism(s) of the radiation in the different wavebands are, however, not clear at this stage.
The physics of AGNs and radio-galaxies in the context of the possibility of these objects being the
sources of UHECR have been reviewed extensively in recent literature; see, e.g., Refs. [13, 14, 15, 16, 17] for
original references. Estimates of the typical values of R and B for the central regions of AGNs give [215]
R ∼ 0.02 pc and B ∼ 5G. These values when substituted into Eq. (49) above yield Ec ∼ 1019 eV for
protons. This number can be uncertain perhaps by a factor of few. So, although AGNs are unlikely to
be the sources of the EHECR above 1020 eV, a good part of the UHECR below ∼ few × 1019 eV could
in principle originate from AGNs. However, the major problem here is that the accelerated protons are
severely degraded due to photo-pion production on the intense radiation field in and around the central
engine of the AGN. In addition, there are energy losses due to synchrotron and Compton processes. Taking
into account the energy losses simultaneously with the energy gain due to acceleration, Norman et al [13]
conclude that neither protons nor heavy nuclei are likely to escape from the central regions of AGNs with
energies much above ∼ 1016 eV. There is also a suggestion (see, e.g., Szabo and Protheroe in Ref. [213])
that the photo-pion production process could convert protons into neutrons, which could then escape from
the central region of the AGN, and the neutron could later decay to protons through β-decay. However,
neutrons themselves are also subject to photo-pion production in the dense radiation field, and so neutrons
above ∼ 1016 eV also cannot escape from the central regions of AGNs [13]. One can thus conclude that
the central regions of AGNs are unlikely to be the sources of the observed UHECR.6
Currently, perhaps the most promising acceleration sites for UHECR are the so-called hot-spots of
Fanaroff-Riley type II radio-galaxies; for reviews and references see Refs. [15, 17, 13]. The issue of maximum
energy achievable in this case has also been reviewed by Norman et al [13]. The energy loss due to photo-
pion production at the source is not significant at hot spots because the density of the ambient soft
photons at the hot-spots is thought to be not high enough. Depending on the magnetic field strength at
the hot-spots (which is crucial but happens to be the most uncertain parameter in this consideration), a
maximum energy of even up to ∼ 1021 eV seems to be possible. So these radio-galaxies could, in principle,
be sources of UHECR including the EHECR above ∼ 1020 eV. However, the main problem with radio-
galaxies as sources of the EHECR is their locations: the radio-galaxies that lie along the arrival directions
of individual EHECR events are situated at large cosmological distances (>∼ 100Mpc) from Earth [26] (see
also Sect. 4.6), in which case, because of the GZK effect discussed earlier, the particles do not survive with
EHECR energies even if they are produced with such energies at the source. Thus, at the present time,
although it seems hot-spots of radio-galaxies may well be the sources of UHECR above ∼ 1017 eV, it seems
difficult to invoke them as sources of the observed EHECR events above 1020 eV7.
The ultimate test for the case of AGNs and radio-galaxies as proton accelerators and for the origin of
CR at least up to the GZK cutoff is expected to come from neutrino astronomy: Practically no neutrinos
are produced in the non-hadronic AGN models with electron acceleration. In contrast, if jets (as opposed
6Although UHE nucleons cannot escape from AGN cores, the associated UHE neutrinos from the decay of the photo-
produced pions can. The integrated contribution from all AGNs may then produce a diffuse high energy neutrino background
that may be detectable [213]. Clearly, from the discussion above, this potential contribution to the UHE neutrino background
would, however, be unrelated to the sources of the observed UHECR, and would also not be subject to the Waxman Bahcall
bound which does not apply to ”hidden” sources [218, 352](see below).
7The distance problem with radio-galaxies may, however, be avoidable if the EHECR are a possible new kind of supersym-
metric particle (S0) [245, 246, 247] which could be produced by accelerated protons through the photo-production process in
the dense regions of some compact radio-galaxies. These S0 particles being electrically neutral would be able to escape from
the source, and their specific particle physics properties may allow them to avoid the drastic loss process associated with the
GZK effect; see Sect. 4.3.2 for a discussion.
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to cores) of AGNs and radio-galaxies are the main sources of extragalactic CR, the secondary γ−rays
and neutrinos are created by pion production and the energy content in the diffuse neutrino flux can be
normalized to the γ−ray flux produced by these AGNs [214, 215]. It has recently been pointed out by
Waxman and Bahcall [218] that a comparison with the UHECR flux around 1019 eV leads to another
bound on the diffuse neutrino flux that is more stringent by about two orders of magnitude, as long as
accelerated protons are not absorbed in the source. This upper bound has become known as the Waxman-
Bahcall upper bound. A subsequent more detailed numerical study by Mannheim, Protheroe, and Rachen
pointed out possible loopholes to this bound and claim that it only applies to neutrino energies between
∼ 1016 eV and ∼ 1018 eV [353]. However, according to Bahcall and Waxman [352], the attempts presented
in Ref. [353] to evade the bound on diffuse neutrino fluxes from optically thin sources are in conflict with
observational evidence and the Waxman-Bahcall bound is robust. We recall, however, that the Waxmann
Bahcall bound does not apply to sources that are optically thick for protons, such as could be the case
for AGN cores (see above). Also, this bound does not directly apply to top-down scenarios because there
neutrinos are produced as primaries, not secondaries, with fluxes that are considerably higher than the
nucleon fluxes. As will be discussed in Sect. 7.4, in top-down scenarios the diffuse neutrino fluxes are still
bounded by the observed diffuse GeV γ−ray background.
Recently, Boldt and Ghosh [27] have advanced the interesting suggestion that EHECR particles may
be accelerated near the event horizons of spinning supermassive black holes associated with presently
inactive quasar remnants. The required emf is generated by the black hole induced rotation of externally
supplied magnetic field lines threading the horizon. This suggestion avoids the problem of the dearth
of currently active galactic nuclei, quasars and/or radio galaxies within acceptable distances (<∼ 50Mpc)
to serve as possible sources of EHECR events. Boldt and Ghosh estimate the number of supermassive
black holes of required mass >∼ 109M⊙ associated with “dead” (no jet) quasars within a volume of radius
∼ 50Mpc to be sufficient to explain the observed EHECR flux. The exact process by which the rotational
energy of the spinning supermassive black hole goes into accelerating protons to EHECR energies and the
process by which the required magnetic field is generated and sustained remain to be spelled out, however.
If the expectations of Ref. [27] are borne out by more detailed modeling, acceleration of protons to a
maximum energy of ∼ 1021 eV would be possible, and in that case, dead quasars in our local cosmological
neighborhood would indeed be one of the most promising sources of EHECR.
5.2.2 Pulsars
As seen from the Hillas diagram, Fig. 25, pulsars are potential acceleration sites for UHECR. Most of the
acceleration scenarios involving pulsars rely upon direct acceleration of particles in the strong electrostatic
potential drop induced at the surface of the neutron star by unipolar induction due to the axially symmetric
rotating magnetic field configuration of the rotating neutron star. The maximum potential drop for typical
pulsars can in principle be as high as ∼ 1021 eV (see, e.g., Ref. [115]). The component of a particle’s
momentum perpendicular to the local magnetic field line is damped out due to synchrotron radiation, and
so the particles are forced to move along and are accelerated by the electric field component along the
magnetic field lines. However, in any realistic model, the large potential drop along the magnetic field
lines is significantly short-circuited by electrons and positrons moving in the opposite directions along the
field lines — the source of the electron-positron pairs being the pair-cascade initiated by strong curvature
radiation from seed electrons accelerated along the curved magnetic field lines. Acceleration models with
pulsars have been reviewed, for example, in Refs. [35, 15] and more recently in Ref. [115]. The general
conclusion seems to be that, for isolated neutron stars (without companion), acceleration of particles to
energies beyond ∼ 1015 eV is difficult.
Another class of acceleration models [354] utilize large electric fields produced by unipolar induction in
accretion disks around rotating neutron stars or black holes. An accretion disk threaded by a large-scale
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poloidal magnetic field produces a radial component of an electric field in the disk, which can be utilized for
particle acceleration. However, energy loss through interaction of the accelerated particles in the ambient
photon field around the central compact object prevents the maximum achievable energy from exceeding
beyond about ∼ 1015 eV (see, e.g., the review by Takahara [15]). Several other accretion disk-based models
are reviewed, for example, in Refs. [35, 15]. None of these models is, however, capable of accelerating
particles to UHECR energy regions.
While the pulsar acceleration models mentioned above all deal with direct acceleration, there exists
another class of models which attempt to utilize the statistical shock acceleration mechanism in accretion
shocks around compact objects such as neutron stars or black holes; for a review, see, e.g., Ref. [15]. Again,
it is difficult to go past ∼ 1015 eV when energy loss processes are taken into account.
Finally, we mention that recent discovery [116] of a “magnetar” — a pulsar with a very high magnetic
field — associated with the Soft Gamma Repeater SGR 1900+14 indicates the existence of a class of
pulsars with dipole magnetic fields approaching ∼ 1015G. Obviously, for pulsars with such high magnetic
fields, the energy budget available for particle acceleration can be 2 to 3 orders of magnitude larger than
the canonical estimates based on pulsar magnetic field of ∼ 1012G, although it is not clear if the energy
loss processes — a generic problem with acceleration around compact objects — can be gotten around.
Recently, it has been suggested [355] that iron ions from the surfaces of newly formed strongly magne-
tized pulsars may be accelerated through relativistic MHD winds. It is claimed that pulsars whose initial
spin periods are shorter than ∼ 4(Bs/1013 G)1/2ms, where Bs is the surface magnetic field, can accelerate
iron ions to greater than ∼ 1020 eV. These ions can pass through the remnant of the supernova explosion
that produced the pulsar without suffering significant spallation reactions. Clearly, in this scenario, the
composition of EHECR is predicted to be dominantly iron nuclei (the relativistic wind may also accelerate
some lighter nuclei though). These predictions will be testable in the up-coming experiments.
5.2.3 Other Candidate Sources
A variety of other candidate UHECR acceleration sites have been studied in literature. Among these are
acceleration in Galactic wind termination shocks [356], in shocks created by colliding galaxies [357], in
large-scale shocks resulting from structure formation in the Universe [13], such as shocks associated with
acceretion flow onto galaxy clusters and cluster mergers [358, 359], and so on. While for some of these sites
Emax can reach the UHE region (depending on the magnetic field strength, which is highly uncertain), it
is generally difficult to stretch Emax beyond 10
20 eV.
5.3 A Possible Link Between Gamma-Ray Bursts and Sources of E > 1020 eV Events?
Cosmological GRBs most likely contribute a negligible fraction to the low energy CR flux around 100GeV [360],
as compared to SNRs, the favorite CR source below the knee. In contrast, a possible common origin of
UHECR and cosmological GRBs was pointed out in Refs. [361, 362], mainly based on the observation
that the average rate of energy emission required to explain the observed UHECR flux is comparable to
the average rate of energy emitted by GRBs in γ− rays. In addition, the predicted spectrum seems to
be consistent with the observed spectrum above ≃ 1019 eV for proton injection spectra ∝ E−2.3±0.5 [288],
typical for the Fermi acceleration mechanism which is supposed to operate in dissipative wind models of
GRBs. Because the rate of cosmological GRBs within the cone observed by the experiments out to the
maximal range of EHECR beyond the GZK cutoff (≃ 50Mpc, see Sect. 4.1) is only about one per cen-
tury, the likelihood of observing such UHECR from GRBs within the few years over which these UHECR
experiments have been active is very small, unless cosmic magnetic fields lead to time delays of at least
hundred years. The cosmological GRB scenario for UHECR therefore necessarily implies a lower limit on
magnetic fields which in case of a large scale field characterized by an r.m.s. strength B and a coherence
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scale lc [see Sect. 4.4, Eq. (32)] reads
B >∼ 10−10
(
E
1020 eV
)(
d
30Mpc
)−1 ( lc
1Mpc
)−1/2
G . (52)
This is an important observational test of this scenario. In particular, the observation ofN arrival directions
that are different within the typical deflection angle given by Eq. (31), strengthens the bound in Eq. (52) by
a factor N1/2. The recently observed isotropy of arrival directions up to the highest energies [8] may in that
respect already pose a problem to this scenario if one takes into account observational limits on the large
scale EGMF [363]. In addition, the energetic requirements have also become more severe due to recent
GRB observations that indicate a larger distance scale than assumed at the time when the UHECR−GRB
connection was proposed [363].
In the dissipative wind model of GRBs a plasma of photons, electrons, positrons, with a small load
of baryons, is accelerated to ultrarelativistic Lorentz factors γ ≫ 1, and at some dissipation radius rd, a
substantial part of the kinetic energy is converted to internal energy by internal shocks [364]. At this point
the plasma is optically thin and part of the internal energy is radiated in the form of the γ−rays that give
rise to the GRB. In addition, the highly relativistic random motion in the wind rest frame resulting from
dissipation is expected to build up magnetic fields close to equipartition with the plasma, which in turn
give rise to second order Fermi acceleration of charged particles. In the following we briefly review the
conditions derived in Ref. [361] on the wind parameters that are required to accelerate protons to energies
beyond 100EeV.
The most crucial constraint arising from acceleration itself comes from the requirement that the acceler-
ation time in the wind rest frame, ta ≃ rg, should be smaller than the comoving expansion time td ≃ rd/γ.
In terms of the comoving magnetic field strength B, this condition reads
B >∼
E
erg
≃ 3× 104
(
E
1020 eV
)(
rd
1013 cm
)−1
G , (53)
where E is the proton energy in the observer frame, and we have used rg ≃ E/(γeB).
The time scale for pion production losses on the γ−rays in the plasma is given by lE,γ ≃ 10/(nγσπ),
where σπ ≃ 10−28 cm2 is the asymptotic high-energy pion production cross section (see Sect. 4.1), the
factor 10 takes into account the inelasticity of ≃ 0.1, and the comoving γ−ray density nγ can be expressed
in terms of the γ−ray luminosity Lγ and typical energy ǫγ in the observer frame, nγ ≃ Lγ/(4πr2dγǫγ). The
condition lE,γ > ta then leads to an additional lower limit on B,
B >∼ 20
(
Lγ
1051 erg s−1
)(
rd
1013 cm
)−2 ( γ
300
)−2
G . (54)
Finally, the condition that the synchrotron loss length lE,syn ≡ E/(dE/dt)syn be larger than ta, where
(dE/dt)syn is given by Eq. (28), leads to an upper limit on B,
B <∼ 3× 105
(
γ
300
)2 ( E
1020 eV
)−2
. (55)
The three conditions Eqs. (53)−(55) can be satisfied simultaneously, provided
rd >∼ 1012
(
γ
300
)−2 ( E
1020 eV
)3
cm . (56)
These values have to be set in relation to the time scale tGRB of a GRB, via rd <∼ γ2tGRB. Therefore,
eventually all conditions can be satisfied, provided γ >∼ 40(E/1020 eV)3/4(tGRB/s)−1/4, which are reasonable
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values within most of the dissipative wind models. By rewriting Eq. (53) in terms of the equipartition field
Bep in the comoving frame, (B/Bep)
2 >∼ 0.15(γ/300)2(E/1020 eV)2(L/1051 erg s−1)−1, where L is the total
luminosity, it is obvious that for reasonable wind luminosities and Lorentz factors, the magnetic field is
not far from equipartition.
The main proton energy losses in the GRB scenario summarized above are synchrotron radiation and
pion production. Both processes give rise to secondaries, photons in the first, and photons and neutrinos
from pion decay in the second case, and the resulting fluxes of these secondaries have subsequently been
estimated in the literature [365, 366, 367, 368, 369].
Refs. [365, 370] computed the neutrino flux around 1014 eV correlated with GRBs in the dissipative wind
model and showed that several tens of events should be observed with a km scale neutrino observatory, with
a large fluctuation of the number of detected events from burst to burst [371]. This neutrino flux has been
proposed to be used as an extremely long neutrino baseline to test neutrino properties such as flavor mixing
(see also discussion in Sect 4.3.1) and the limits of validity of the relativity principles (see also discussion
in Sect. 4.8). Ref. [366] investigated the neutrino flux from the same process at energies above 1019 eV and
found it to be detectable by AIRWATCH-type experiments [88] such as the MASS [89]. A correlation of
a fraction of all UHE neutrinos with GRBs would thus be a strong test of the GRB scenario of UHECR
origin. An experimental upper limit of 0.87×10−9 cm−2 upward going neutrino induced muons per average
GRB has been set by the MACRO detector [372]. The question of the maximal possible neutrino energies
from GRBs and also blazars was reconsidered recently, resulting in typical numbers of ∼ 1019 eV: Ref. [373]
gives a detailed account of loss processes and Ref. [374] focuses on neutrino production associated with
external shocks in GRB fireball models in the afterglow phase.
In addition, there would be a background of UHE neutrinos from the interaction of UHECR with the
CMB outside of the GRB which was found to be detectable as well [156, 366]. The distribution of this
background was argued to be an indicator of the distribution of the source population of UHECR which
could be used to distinguish between the major theoretical scenarios.
Similarly to the case of AGN and radio-galaxy sources, the neutrino flux level from GRBs is limited by
the diffuse GeV γ−ray background (see Sect. 5.2.1).
The synchrotron emission associated with proton acceleration to UHE in the cosmological GRB scenario
has been found to carry away a fraction of about a percent of the total burst energy. At energies around
10MeV this signal should be detectable with the proposed GLAST satellite experiment, while above
a few hundred GeV, ground-based air Cherenkov telescopes should be sensitive enough to detect this
flux [367, 368]. Ref. [369] even claims that synchrotron emission should give rise to afterglows that extend
into the TeV range. These γ−ray fluxes above ∼ 10MeV would thus provide another strong signature
of proton acceleration up to UHE in GRBs that should be testable in the near future. This signature
may already have been observed in the 10–20 TeV range [375] (see also Ref. [376]), and the resulting
cascade γ−ray flux in the GeV range has been pointed out as a possible explanation of the diffuse γ−ray
flux observed at these energies [377, 378]. This would imply the phenomenal total liberated energy of
∼ 1056 erg per GRB (assuming isotropic radiation) and the lower limit γ >∼ 500 on the Lorentz factor,
which is consistent with the fireball model outlined above.
Recently it was claimed that an explanation of the observed UHECR spectrum in the context of
acceleration in GRBs requires specific GRB progenitors such as binary pulsars [339]. Emission of high
energy γ−rays and neutrinos in GRBs associated with supernova explosions in massive binary systems,
whose existence was recently suggested by observations, has been discused in Ref. [379].
6 Non-acceleration Origin of Cosmic Rays above 1020 eV
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6.1 The Basic Idea
As discussed in the Sect. 5, the shock acceleration mechanism is a self-limiting process: For any given set
of values of dimension of the acceleration region (fixed by, say, the radius R of the shock) and the magnetic
field strength (B), simple criterion of Larmor containment of a particle of charge Ze within the acceleration
region implies that there is a maximum energy Emax ∼ ZeBR up to which the particle can be accelerated
before it escapes from the acceleration region, thus preventing further acceleration. The observed EHECR
events above 1011GeV, therefore, pose a serious challenge for any acceleration mechanism because a value
of Emax >∼ 1011GeV can barely be achieved in even the most powerful astrophysical objects for reasonable
values of R and B associated with these objects [11, 12, 13]. The problem becomes more acute when one
recognizes that the actual energy at the source has to be significantly larger than the observed energy of
the particles because of energy loss during propagation as well as in the immediate vicinity of the source.
In addition, there is the problem of absence of any obviously identifiable sources for the observed EHECR
events, as discussed in Sect. 4.6.
Because of these difficulties, there is currently much interest in the possibility that the EHECR events
may represent a fundamentally different component of cosmic rays in the sense that these particles may
not be produced by any acceleration mechanisms at all; instead, these particles may simply be the result
of decay of certain massive particles (generically, “X” particles) with mass mX > 10
11GeV originating
from high energy processes in the early Universe. As we shall discuss below, such non-acceleration or “top-
down” decay mechanism (as opposed to conventional “bottom-up” acceleration mechanism) of production
of extremely energetic particles in the Universe today are possible and may indeed be naturally realized
within the context of unified theories of elementary particle interactions in the early Universe.
The basic idea of a top-down origin of cosmic rays can be traced back to Georges Lemaˆıtre [380] and his
theory of “Primeval Atom”, the precursor to the Big Bang model of the expanding Universe. The entire
material content of the Universe and its expansion, according to Lemaˆıtre, originated from the “super-
radioactive disintegration” of a single Atom of extremely large atomic weight, the Primeval Atom, which
successively decayed to “atoms” of smaller and smaller atomic weights. The cosmic rays were envisaged as
the energetic particles produced in intermediate stages of decay of the Primeval Atom — they were thus
“glimpses of the primeval fireworks” [380]. Indeed, Lemaˆıtre regarded cosmic rays as the main evidential
relics of the Primeval Atom in the present Universe.
Of course, we now know that the bulk of the observed cosmic rays are of recent (post-galactic) origin,
and not cosmological. In particular, as far as the EHECR are concerned, we now know that the existence
of CMBR, which was unknown in Lemaˆıtre’s time, precludes the origin of the observed EHECR particles
in very early cosmological epoch (or equivalently at very large cosmological distances) because of the GZK
effect discussed in section 4. Nevertheless, it is interesting that one of the earliest scenarios considered for
the origin of cosmic rays was a cosmological top-down, non-acceleration scenario, rather than a bottom-up
acceleration scenario.
In the modern version of the top-down scenario of cosmic ray origin, the X particles (the possible
sources of which we shall discuss below) typically decay to quarks and leptons. The quarks hadronize, i.e.,
produce jets of hadrons containing mainly light mesons (pions) with a small percentage of baryons (mainly
nucleons). The pions decay to photons, neutrinos (and antineutrinos) and electrons (and positrons). Thus,
energetic photons, neutrinos and charged leptons, together with a small fraction of nucleons, are produced
directly with energies up to ∼ mX without any acceleration mechanism.
In order for the decay products of the X particles to be observed as EHECR particles today, three basic
conditions must be satisfied: (a) The X particles must decay in recent cosmological epoch, or equivalently at
non-cosmological distances (<∼ 100 Mpc) from Earth — otherwise the decay products of the X particles lose
all energy by interacting with the background radiation, and hence do not survive as EHECR particles.
A possible exception is the case where neutrinos of sufficiently high energy originating from X particle
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decay at large cosmological distances ≫ 100 Mpc give rise to EHE nucleons and/or photons within 100
Mpc from Earth through decay of Z bosons resonantly produced through interaction of the original EHE
neutrino with the thermal relic background (anti)neutrinos, if neutrinos have a small mass of order ∼eV;
see Sect. 4.3.1., (b) the X particles must be sufficiently massive with mass mX ≫ 1011GeV, and (c) the
number density and rate of decay of the X particles must be large enough to produce detectable flux of
EHECR particles.
In the present section, we first discuss the nature of the expected production spectra of observable
particles (nucleons, photons, neutrinos) resulting from the decay of X particles in general. We then discuss
in detail a particular realization of the top-down scenario in which the X particles are the supermassive
gauge bosons, Higgs bosons and/or superheavy fermions produced from cosmic topological defects (TDs)
like cosmic strings, magnetic monopoles, superconducting cosmic strings etc., which could be formed in
symmetry-breaking phase transitions associated with Grand Unified Theories (GUTs) in the early Universe.
We then discuss the possibility that the X particles could be some long-lived metastable supermassive relic
particles of non-thermal origin produced, for example, through vacuum fluctuations during a possible
inflationary phase in the early Universe. It has been suggested that such metastable supermassive long-
lived particles could constitute (a part of) the dark matter in the Universe, and a fraction of these particles
decaying in the recent epochs may give rise to the EHECR.
6.2 From X Particles to Observable Particles: Hadron spectra in Quark → Hadron
Fragmentation
The precise decay modes of the X particles would depend on the specific particle physics model under
consideration. In the discussions below we shall assume that X particles decay typically into quarks and
leptons, irrespective of the sources of the X particles8. By far the largest number of “observable” particles
(nucleons, photons, neutrinos) resulting from the decay of the X particles are expected to come through the
hadronic channel, i.e., through production of jets of hadrons by the quarks. The process of “fragmentation”
of the quarks into hadrons is described by QCD. The spectra of various particles at production are,
therefore, essentially determined by QCD, and not by any astrophysical processes. The actual decay
mechanism of the X particles into quarks and leptons, and the multiplicities and the spectra of these
quarks and leptons may depend upon the origin and nature of the X particles themselves. Nevertheless,
the spectra of hadrons in the jets created by individual quarks should be reasonably independent of the
origin of the quarks themselves. We, therefore, first discuss the expected spectra of hadrons (and the
resulting spectra of nucleons, photons and neutrino — the latter two from decay of pions) in individual
jets created by individual quarks.
The hadron spectra under discussion should be very similar to those measured for e+e− → q¯q → hadrons
process in colliders. The actual process by which a single high energy quark gives rise to a jet of hadrons
is not understood fully yet — it involves the well-known (and unsolved) “confinement” problem of QCD.
However, various semi-phenomenological approaches have been developed which describe the fragmentation
spectra that are in good agreement with the currently available experimental data on inclusive hadron
spectra in quark/gluon jets in a variety of high energy processes.
In these approaches, the process of production of a jet containing a large number of hadrons by a single
high energy quark (or gluon) is “factorized” into three stages. The first stage involves “hard” processes
involving large momentum transfers, whereby the initial high energy quark emits “bremsstrahlung” gluons
which in turn create more quarks and gluons through various QCD processes (q¯q pair production by gluons,
gluon bremsstrahlung by the produced quarks, gluon emission by gluons, and so on). These hard processes
8In some supersymmetric models, the decay products of the X particles may also include squarks and/or sleptons. However,
for mX much above the typical supersymmetry breaking scale of order TeV, the supersymmetric and non-supersymmetric
particles would behave essentially similarly.
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are well described by perturbative QCD. Thus a single high energy quark gives rise to a “parton cascade”
— a shower of quarks and gluons — which, due to QCD coherence effects, is confined in a narrow cone or
jet whose axis lies along the direction of propagation of the original quark.
In the semi-phenomenological approaches to the jet fragmentation process, the first stage of the process,
i.e., the parton cascade development, described by perturbative QCD, is terminated at a cut-off value,
〈k2⊥〉1/2cut−off ∼ 1GeV, of the typical transverse momentum. Thereafter, the second stage involving the non-
perturbative confinement process is allowed to take over, binding the quarks and gluons into “primary”
color neutral objects. In the third stage, the unstable primary “hadrons” decay into known hadrons. The
second and the third stages are usually described by the available phenomenological hadronization models
such as the LUND string fragmentation model [381] or the cluster fragmentation model [382]. Detailed
Monte Carlo numerical codes now exist [382, 383, 384] which incorporate the three-stage process outlined
above. These codes provide a reasonably good description of a variety of relevant experimental data.
6.2.1 Local Parton-Hadron Duality
There is an alternative approach that is essentially analytical and has proved very fruitful in terms of its
ability to describe the gross features of hadronic jet systems, such as the inclusive spectra of particles, the
particle multiplicities and their correlations, etc., reasonably well. This approach is based on the concept of
“Local Parton Hadron Duality” (LPHD) [385]. Basically, in this approach, the second stage involving the
non-perturbative hadronization process mentioned above is ignored, and the primary hadron spectrum is
taken to be the same, up to an overall normalization constant, as the spectrum of partons (i.e., quarks and
gluons) in the parton cascade after evolving the latter all the way down to a cut-off transverse momentum
〈k2
⊥
〉1/2cut−off ∼ R−1 ∼ few hundred MeV, where R is a typical hadronic size. A rigorous “proof” of LPHD
at a fundamental theoretical level is not yet available. However, the fact that LPHD gives a remarkably
good description of the experimental data including recent experimental results from LEP, HERA and
TEVATRON [386] gives strong indications of the general correctness of the LPHD hypothesis in some
average sense.
The fundamental basis of LPHD is that the actual hadronization process, i.e., the conversion of the
quarks and gluons in the parton cascade into color neutral hadrons, occurs at a low virtuality scale of
order of a typical hadron mass independently of the energy of the cascade initiating primary quark, and
involves only low momentum transfers and local color re-arrangement which do not drastically alter the
form of the momentum spectrum of the particles in the parton cascade already determined by the “hard”
(i.e., large momentum transfer) perturbative QCD processes. Thus, the non-perturbative hadronization
effects are lumped together in an “unimportant” overall normalization constant which can be determined
phenomenologically.
A good quantitative description of the perturbative QCD stage of the parton cascade evolution is
provided by the so-called Modified Leading Logarithmic Approximation (MLLA) [387] of QCD, which
allows the parton energy spectrum (which is a solution of the so-called DGLAP evolution equations) to be
expressed analytically in terms of functions depending on two free parameters, namely, the effective QCD
scale Λeff (which fixes the effective running QCD coupling strength α
eff
s ) and the transverse momentum
cut-off Q˜0. For the case Q˜0 = Λeff , the analytical result simplifies considerably, and one gets what is
referred to as the “limiting spectrum” [385, 386] for the energy distribution of the partons in the cascade,
which has the following form:
x
dNpart
dx
=
4CF
b
Γ(B)
∫ π/2
−π/2
dℓ
π
e−Bα
[
coshα+ (2ξ/Y − 1) sinhα
(4Nc/b)Y (α/ sinhα)
]B/2
×IB
([
16Nc
b
Y
α
sinhα
[coshα+ (2(ξ/Y )− 1) sinhα]
]1/2)
. (57)
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Here dNpart is the number of partons carrying a fraction between x and x + dx of the energy Ejet = Eq
of the original jet-initiating quark q, ξ = ln(1/x), Y = ln(Ejet/Λeff), α =
[
tanh−1 (1− 2ξ/Y ) + iℓ
]
,
IB is the modified Bessel function of order B, where B = a/b with a =
[
11Nc/3 + 2nf/(3N
2
c )
]
and
b = [(11Nc − 2nf )/3] , nf being the number of flavors of quarks and Nc = 3 the number of colors, and
CF = (N
2
c − 1)/2Nc = 4/3.
Eq. (57) gives us the spectrum of the partons in the jet. By LPHD hypothesis, the hadronic fragmen-
tation function (FF), i.e., the hadron spectrum, dNh/dx (with x = Eh/Ejet , Eh being the energy of a
hadron in the jet), due to hadronization of a quark q, is given by the same form as in Eq. (57), except
for an overall normalization constant K(Y ) that takes account of the effect of conversion of partons into
hadrons:
x
dNh
dx
= K(Y )x
dNpart
dx
, (58)
with now x = Eh/Ejet on both sides of the equation.
Phenomenologically, for given values of Λeff and Ejet, the normalization constant can be determined
simply from overall energy conservation, i.e., from the condition
∫ 1
0 x[dNh(Y, x)/dx] dx = 1 . The value
of Λeff is not known a priori, but a fit to the inclusive charged particle spectrum in e
+e− collisions at
center-of-mass energy Ecm = 2Ejet ∼ 90GeV (Z-resonance) gives Λcheff ∼ 250 MeV, while the value of K is
found to be typically ∼ 1.3 at LEP energies.
An important characteristic of the MLLA spectrum (57) treated as a function of the variable ξ is the
existence of a maximum at ξmax given by
ξmax = Y
1
2
+
√
C
Y
− C
Y
 , (59)
with C = a2/(16bNc). The existence of this maximum is directly related to the suppression of soft gluon
multiplication in the cascade due to QCD color coherence effect. Recent analysis [388] of relevant LEP
data have provided experimental confirmation of the energy evolution of ξmax as predicted by Eq. (59).
For asymptotically high energies of interest, i.e., for Ejet ≫ Λeff , and near the maximum ξmax, the
limiting spectrum can be approximated by a Gaussian in ξ:
x
dNh
dx
∝ 1
σ
√
2π
exp
[
−(ξ − ξmax)
2
2σ2
]
, (60)
where 2σ2 =
[
bY 3/(36Nc)
]1/2
. The full MLLA spectrum (57) can be approximated well by a “distorted
gaussian” [386] in terms of calculable higher moments of ξ.
Note that, within the LPHD picture, there is no way of distinguishing between various different species
of hadrons. Phenomenologically, the experimental data can be fitted by using different values of Λeff for
different species of particles depending on their masses. For our consideration of particles at EHECR
energies, all particles under consideration will be extremely relativistic, and since, in our case, Ejet ∼
mX/few ≫ Λeff , the hadron spectrum will be relatively insensitive to the exact value of Λeff .
At the energies of our interest, all six quark flavors (nf = 6) should be involved in the QCD cascade.
The top quark usually decays before it fragments. On the other hand, the s, c, and b quarks fragment before
decaying, but the resulting heavy hadrons will eventually decay to the lighter hadrons (pions and nucleons).
Within the LPHD picture, at the asymptotically high energies of interest, all hadrons — mesons as well as
baryons — have roughly the same spectrum, although the dominant species of particles in terms of their
overall number will be the light mesons (mostly pions); the baryons (mostly nucleons) typically constitute
a fraction of ∼ (3 – 10)% as indicated by existing collider data. The distortion of the MLLA + LPHD
spectrum of primary hadrons due to decays of baryonic and mesonic resonances can in principle be taken
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into account by using the phenomenological jet fragmentation codes mentioned earlier. However, since
pions and nucleons dominate the hadron spectrum, those effects can be neglected as a first approximation.
Also, to this approximation, the difference between quark- and gluon jets can be ignored. For more details
on various phenomenological aspects of the MLLA + LPHD hypothesis, see the reviews [386].
Within the analytical QCD (+LPHD) framework, most of the recent calculations of the expected spectra
of observable particles in top-down scenarios have generally employed either the full MLLA spectrum given
by Eq. (57) [297, 206] or the Gaussian approximation, Eq. (60) [389, 390]. More recently, spectra obtained
by using Monte Carlo event generators as incorporated in the HERWIG [382] and JETSET [383] programs
have been used [391]. Earlier calculations [392, 393, 394, 395, 396, 397, 200, 398] used a quark → hadron
fragmentation spectrum originally suggested by Hill [392], which was based on leading-log QCD formula
for average charged hadron multiplicity. The Hill spectrum for the total hadron spectrum can be written
as [392, 393]
dNh
dx
≃ 3
2
× 0.08 exp
[
2.6
√
ln(1/x)
]
(1− x)2
(
x
√
ln(1/x)
)−1
. (61)
In this formula, the number of quark flavors involved in the QCD cascade is taken to be nf = 6. The factor
of 3/2 is to include the neutral particles (dominantly neutral pions), whereas the original Hill formula was
given for the charged hadrons only. Sometimes, a simpler formula, based on a simple E1/2 behavior of the
average multiplicity is also used [392, 393]:
dNh
dx
≃ 15
16
x−3/2(1− x)2 . (62)
At EHECR energies, for which x ∼ E/mX ≪ 1 (since mX can be as large as ∼ 1016GeV and we are
interested in EHECR with energies E ∼ few×1011GeV), the spectrum (61) can be well approximated [397]
by a power law, dNh/dE ∝ E−α with α ∼ 1.3. The spectrum (62) is also approximated by a power-law
with α ∼ 1.5. The MLLA spectrum (57) is less well approximated by a single power-law, but can be
approximated by two or more segmented power-laws.
It should be emphasized here that, in using the MLLA+LPHD hadron spectrum in the calculation
of particle spectra in the top-down scenario, one should keep it in mind that there is a great deal of
uncertainty involved in extrapolating the QCD (MLLA + LPHD) spectra — which have been tested so far
only at relatively “low” energies of ∼ 100 GeV — to the extremely high energies of our interest, namely,
>∼ 1014GeV. For example, there could be thresholds associated with new physics beyond the standard
model which may alter the spectra as well as content of the particles in the jets.
One example of possible new physics is supersymmetry (SUSY). If SUSY “turns on” at an energy scale
of say MSUSY ∼ 1 TeV, then the QCD cascade development process is expected to involve not only the
usual quarks and gluons, but also their supersymmetric partners (squarks, gluinos) with equal probability
as long as Q˜2 > M2SUSY, where Q˜
2 is the “virtuality” (i.e., the 4-momentum transfer squared) involved in
various sub-processes contributing to the cascade. The virtuality of the cascade particles steadily decreases
as the cascade process progresses. Once Q˜2 falls below M2SUSY, the SUSY particles in the cascade would
decouple from the cascade process and eventually decay into the stable lightest supersymmetric particles
(LSPs). Thus, as pointed out by Berezinsky and Kachelrieß [399], some fraction of the particles in the
QCD cascade resulting from the decay of X particles may be in the form of high or even ultrahigh energy
LSPs. Indeed, Berezinsky and Kachelrieß [399] have claimed that LSPs may take away a significant
fraction (∼ 40%) of the total energy of the jet, which must be properly taken into account in normalizing
the spectra and calculating the yield of the “observable” hadrons (pions and nucleons). Inclusion of SUSY
in the parton cascading process also changes the shape of the fragmentation spectrum [400]. The limiting
QCD MLLA spectrum is still given by Eq. (57) with constant a replaced by aSUSY = 11Nc/3 and b
replaced by bSUSY = 9 − nf , and the maximum of the spectrum is given by Eq. (59) with C replaced
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by CSUSY = a
2
SUSY/(16bSUSYNc). Thus the maximum of the SUSY-QCD spectrum is shifted to higher ξ
(lower energy) relative to the non-SUSY MLLA QCD spectrum.
The properties of LSPs are model dependent, but due to a variety of phenomenological reasons [399, 401]
the UHE LSPs themselves are unlikely to be the candidates for the observed EHECR events except possibly
for the case of a neutral bound state of light gluino and uds hadron [245, 246].
Supersymmetry is by no means the only possible kind of new physics beyond the standard model.
Nevertheless, from the discussions above, we see that EHECR may in fact provide an interesting probing
ground for search for new physics beyond the standard model. For some recent discussions of the effects
of the SUSY versus non-SUSY QCD spectra on the final evolved particle spectra, see Ref. [206].
The various hadronic fragmentation spectra discussed above are displayed in Fig. 26 for comparison.
More recently, attempts have been made [391] to calculate the injection spectra of nucleons, photons
and neutrinos resulting from X particle decay by directly using numerical Monte Carlo event generators
as incorporated in the HERWIG [382] and JETSET [383] programs. Results of Ref. [391] indicate that
although for mX ∼ 103GeV the Monte Carlo results agree with the MLLA+LPHD predictions (which is
not surprising since both MLLA+LPHD as well as Monte Carlo event generators are suitably parametrized
to fit the existing collider data)9, significant differences with the spectra predicted from MLLA+LPHD
appear for mX ≫ 103GeV. In particular, the spectra of photons and neutrinos seem to differ significantly
from the nucleon spectrum at high x values (whereas in the MLLA+LPHD picture they are assumed to
be roughly similar; see below). More importantly, nucleons seem to be almost as abundant as photons
and neutrinos in certain ranges of x values (specifically, in the range 0.2 <∼ x <∼ 0.4), contrary to the
general expectation that baryon production should be suppressed relative to meson (and hence to photon
and neutrino) production at all x, independently of mX
10. Unfortunately, due to the very nature of these
Monte Carlo calculations, it is difficult to understand the precise physical reason for the unexpectedly high
relative baryon yield for certain values of x in the case of large mX . Clearly, more work needs to be done
on this important issue.
An important point to note about the particle spectra displayed in Fig. 26 is that all these spectra are
generally harder than the production spectra predicted in conventional shock acceleration theories, which,
as discussed in the previous section, by and large predict power-law differential production spectra with
α ≥ 2. This fact has important consequences; it leads to the prediction of a pronounced “recovery” [200]
of the evolved nucleon spectrum after the GZK “cut-off” and the consequent flattening of the spectrum
above ∼ 1011GeV in the top-down scenario . Under certain circumstances, a relatively hard production
spectrum may also naturally give rise to a “gap” in the measured EHECR spectrum [403].
The importance of a relatively hard production spectrum of EHECR from possible “fundamental”
processes was first emphasized by Schramm and Hill [404]. For a power-law differential spectrum ∝ E−α,
the index α = 2 is a natural dividing line between what can be characterized as “soft” and “hard” spectra:
For soft spectra (α > 2), the total particle multiplicity (∝ E1−α) as well as the total energy (∝ E2−α) are
both dominated by the lower limits of the relevant integrals, which means that most of the energy is carried
by the large number of low energy particles. Such a spectrum is inefficient in producing a significant flux
of extremely high energy particles. For hard spectra (1 < α < 2), on the other hand, although the total
9The Monte Carlo calculations of Ref. [391] are done with standard, non-SUSY QCD.
10In the string fragmentation scheme of hadronization as implemented in the LUND Monte Carlo program JETSET [383],
for example, the yield of mesons (and hence the photons and neutrinos resulting from their decay) is always expected to
dominate over baryons. This is because, meson formation involves breaking of a color flux tube through nucleation of a
quark-antiquark pair whereas baryon formation involves formation of a diquark-antidiquark pair, the probability for which is
considerably suppressed compared to that for quark-antiquark pair formation. In the HERWIG program too, in which the
hadronization scheme involves initial formation of clusters of partons which subsequently break up into color-neutral 3-quark
states (baryons) and quark-antiquark states (mesons), the predicted baryon/meson ratio is generally always considerably less
than unity, at least so at currently accessible accelerator energies (see, e.g., Ref. [402] for a review of baryon production in
e+e− annihilations).
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particle multiplicity is still dominated by very low energy particles, the energy is mainly carried off by a
few extremely energetic particles. Thus, hard spectra such as the ones generically predicted within the
top-down scenario involving QCD cascade mechanism discussed above, seem to be more “natural” from the
point of view of producing EHECR than soft spectra generally predicted in shock acceleration scenarios.
6.2.2 Nucleon, Photon and Neutrino Injection Spectra
With a given hadronic fragmentation function, dNh/dx, we can obtain the nucleon, photon and neutrino
injection spectra due to decay of all X particles at any time ti as described below. We shall assume that
nucleons and pions are produced with the same spectrum; however, see Ref. [391] and the discussions
above.
Let n˙X(t) denote the rate of decay of X particles per unit volume at any time t. Let us assume
that each X particle, on average, undergoes N˜ -body decay to Nq quarks (including antiquarks) and Nℓ
leptons (neutrinos and/or charged leptons), so that N˜ = Nq + Nℓ, and that the available energy mX is
shared roughly equally by the N˜ primary decay products of the X. Then, the nucleon injection spectrum,
ΦN (Ei, ti), from the decay of all X particles at any time ti can be written as
ΦN (Ei, ti) = n˙X(ti)NqfN
N˜
mX
dNh
dx
, (63)
where Ei denotes the energy at injection, fN is the nucleon fraction in the hadronic jet produced by a
single quark, and x = N˜Ei/mX .
The photon injection spectrum from the decay of the neutral pions (π0 → 2γ) in the jets is given by
(see, for example, Ref. [405])
Φγ(Ei, ti) ≃ 2
∫ mX/N˜
Ei
dE
E
Φπ0(E, ti) , (64)
where Φπ0(E, ti) ≃ 13 1−fNfN ΦN (E, ti) is the neutral pion spectrum in the jet.
Similarly, the neutrino (νµ + ν¯µ) injection spectrum resulting from the charged pion decay [π
± →
µ±νµ(ν¯µ)] can be written, for Ei ≫ mπ, as [219, 200]
Φ
π→µνµ
(νµ+ν¯µ)
(Ei, ti) ≃ 2.34
∫ mX/N˜
2.34Ei
dE
E
Φ(π++π−)(E, ti) , (65)
where Φ(π++π−) ≃ 2Φπ0 .
The decay of each muon (from the decay of a charged pion) produces two more neutrinos and an electron
(or positron): µ± → e±νe(ν¯e) ν¯µ(νµ). Thus each charged pion eventually gives rise to three neutrinos: one
νµ, one ν¯µ and one νe (or ν¯e), all of roughly the same energy. So the total νµ + ν¯µ injection spectrum will
be roughly twice the spectrum given in Eq. (65), while the total νe + ν¯e spectrum will be roughly same
as that in Eq. (65). The full νµ and νe spectra resulting from decay of pions and the subsequent decay of
muons can be calculated in details following the procedure described in the book by Gaisser [36].
Note that, if the hadron spectrum in the jet is generally approximated by a power-law in energy, then
nucleon, photon and neutrino injection spectra will also have the same power-law form all with the same
power-law index [405, 219].
As mentioned earlier, it is generally expected that mesons (pions) should be the most numerous particles
in the hadronic jets created by quarks coming from the decay of X particles. Thus, Φπ0/ΦN ≃ 13 1−fNfN ≃ 10
and Φ(π++π−)/ΦN ∼ 20 for fN ∼ 3% This means that, in terms of number of particles at production,
the decay products of the pions, i.e., photons and neutrinos, dominate over nucleons at least by factors of
order 10. Since neutrinos suffer little attenuation and can come to us unattenuated from large cosmological
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distances (except for absorption due to fermion pair production through interaction with the cosmic thermal
neutrino background, the path length for which is ≫ 100Mpc; see section 4.3), their fluxes are expected
to be the largest among all particles at the highest energies. However, their detection probability is much
lower compared to those for protons and photons11. Photons also far outnumber nucleons at production.
However, the propagation of extragalactic EHE photons is influenced by a number of uncertain factors
such as the level of the URB and the strength of the EGMF (see section 4.2). Depending on the level
of the URB and EGMF and the distance of the X particle source, the photon flux may dominate over
the nucleon flux and thus dominate the “observable” diffuse particle flux, at EHECR energies. Indeed,
the prediction [178] of a possible large photon/nucleon ratio (> 1) at sufficiently high EHECR energies
is a distinguishing feature of the top-down scenario of origin of EHECR, and can be used as a signature
for testing the scenario in forthcoming experiments. This has been discussed recently in more details in
Ref. [406, 206].
In this context, note that photons and neutrinos in the top-down scenario are primary particles in the
sense that they are produced directly from the decay of the pions in the hadronic jets. In contrast, photons
and neutrinos in conventional acceleration scenarios can be produced only through secondary processes —
they are mainly produced by the decay of photo-produced pions resulting from the GZK interactions of
primary EHECR nucleons with CMBR photons. Of course, these secondary neutrinos and photons would
also be there in the top-down scenario, but their fluxes are sub-dominant to the primary ones.
Once the injection spectra for nucleons, photons, and neutrinos are specified, the evolution of these
spectra and the final predicted fluxes of various particles can be obtained by considering various propagation
effects discussed in detail in Sect. 4. The predicted particle fluxes in the top-down scenario are discussed
later in Sect. 7, where we also discuss various signatures of the scenario in general and constraints from
various observations.
Obviously, while the shapes of the final particle spectra are determined by the injection spectra (which
are fixed by QCD as explained above) and various propagation effects, the absolute magnitudes of the
fluxes will be fixed by the source function n˙X , the production and/or decay rate of the X particles, in
different realizations of the non-acceleration scenario12. Unfortunately, n˙X is highly model dependent and
depends on free parameters of the particular top-down model under consideration. Because of this reason,
it has not been possible to predict the absolute flux levels in the top-down models with certainty; only
certain plausible models have been identified. Below, we shall discuss the expected values of n˙X in some
specific top-down models and examine their efficacy with regard to EHECR. But, first, in order to have
some idea of the kind of numbers involved, we perform a simple (albeit crude) benchmark calculation of
n˙X required to obtain a significant contribution to the measured EHECR flux.
6.2.3 X Particle Production/Decay Rate Required to Explain the Observed EHECR Flux:
A Benchmark Calculation
Since in top-down models photons are expected to dominate the “observable” EHECR flux , let us as-
sume for simplicity that the highest energy events are due to photons. To be specific, let us assume
a typical 2-body decay mode of the X into a quark and a lepton: X → qℓ. The quark will pro-
duce a hadronic jet. The photons from the decay of neutral pions in the jet carry a total energy
11The EHE neutrinos of TD origin would, however, be potentially detectable by the proposed space-based detectors like
OWL and AIRWATCH, and ground based detectors like Auger, Telescope Array, and so on; see discussions in section 7.4.
12In the topological defect models discussed below, the X particles are generally assumed to have extremely short life-times,
so they decay essentially instantaneously as soon as they are released from the defects. Therefore, in the topological defect
models, n˙X , for all practical purposes, refers to the production rate of X particles from the defects. In contrast, in models
in which X particles are metastable, long-lived particles (with lifetime >
∼
age of the Universe) possibly produced during an
inflationary epoch in the early Universe, n˙X refers to the decay rate of the X particles.
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Eγ,Total ≃
(
1
3 × 0.9× 12
)
mX(fπ/0.9) = 0.15mX (fπ/0.9), where fπ is the fraction of the total energy of
the jet carried by pions13, and we have assumed that the quark and the lepton share the energy mX
equally. Assuming a power-law photon injection spectrum with index α, dNγ/dEγ ∝ E−αγ , with 0 < α < 2,
and normalizing with the total photon energy Eγ,Total, we get the photon injection spectrum from the
decay of a single X particle as
dNγ
dEγ
=
0.6
mX
(2− α)
(
fπ
0.9
) (
2Eγ
mX
)−α
. (66)
We can neglect cosmological evolution effects and take the present epoch values of the relevant quantities
involved, since photons of EHECR energies have a cosmologically negligible path length of only few tens
of Mpc for absorption through pair production on the universal radio background.
With these assumptions, and assuming that the (sources of the) X particles are distributed uniformly
in the Universe, the photon flux jγ(Eγ) at the observed energy Eγ is simply given by
jγ(Eγ) ≃ 1
4π
l(Eγ) n˙X
dNγ
dEγ
, (67)
where again l(Eγ) is the pair production absorption path length of a photon of energy Eγ .
Normalizing the above flux to the measured EHECR flux, we get
(n˙X,0)EHECR ≃ 1.2 × 10−46
(
l(Eγ)
10Mpc
)−1 ( E2j(E)
1 eV cm−2 sec−1 sr−1
)(
2E
1016GeV
)α−1.5
×
(
mX
1016GeV
)1−α ( 0.5
2− α
)(
0.9
fπ
)
cm−3 sec−1 . (68)
The subscript 0 stands for the present epoch. In terms of energy injection (Q), defined by n˙X = Q/mX ,
the above requirement reads
(Q0)EHECR ≃ 1.2× 10−21
(
l(Eγ)
10Mpc
)−1( E2j(E)
1 eV cm−2 sec−1 sr−1
)(
2E
1016GeV
)α−1.5
×
(
mX
1016GeV
)2−α ( 0.5
2− α
)(
0.9
fπ
)
eV cm−3 sec−1 . (69)
For a fiducial value of the observed EHECR flux given by E2j(E) ≃ 1 eV cm−2 sec−1 sr−1 at the fiducial
energy E = 1011GeV, and for mX = 10
16GeV, α = 1.5, and fπ = 0.9, the above estimates indicate that
in order for a generic top-down mechanism to explain the measured EHECR flux, the X particles must (be
produced and /or) decay in the present epoch at a rate of ∼ 1 × 1035Mpc−3 yr−1, or in more “down-to-
earth” units, about ∼ 13AU−3 yr−1, i.e., about 10 X particles within every solar system-size volume per
year over a volume of radius 10 Mpc.
The above numbers are uncertain (most likely overestimate [206]) by perhaps as much as an order of
magnitude or so, depending on the decay mode of the X particle, the fraction of energy mX that goes into
nucleons vs. pions, the form of the hadronic fragmentation function that determines the injection spectra of
various particles, the absorption path length of EHECR photons, electromagnetic cascading effect (which
is discussed in Sect. 4 and which we have neglected here), and so on. Nevertheless, we think the numbers
derived above do serve as crude benchmark numbers.
13We assume that the jet consists of only pions and nucleons, all with the same spectrum, and that all particles are
ultrarelativistic. Thus, fpi is also the total pion fraction in terms of number of particles in the jet.
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The above rough estimate assumes that the (sources of the) X particles are distributed uniformly
in the Universe, so the flux above refers to the diffuse flux. In principle, EHECR events could also be
produced by isolated nearby bursting sources of X particles, in which case, depending on the distance
of the source, the above energy and number density requirements would be different. In addition, in
the case of long-lived X particles of primordial origin, as also in the case of certain kinds of topological
defects such as monopolonium (see below), the (sources of) X particles could be clustered in our Galactic
halo [389, 406, 391] as well as in clusters of galaxies, in which cases the required values of n˙X,0 and Q0 will
depend on the clustering factor and clustering length-scale.
With the above rough estimates in mind, we now proceed to discuss possible sources of the X particles.
6.3 Cosmic Topological Defects as Sources of X Particles: General Considerations
Cosmic Topological Defects (TDs)[407, 408, 409] — magnetic monopoles, cosmic strings, domain walls,
superconducting cosmic strings, etc., as well as various hybrid systems consisting of these TDs — are
predicted to form in the early Universe as a result of symmetry-breaking phase transitions envisaged
in GUTs. Topological defects associated with symmetry-breaking phase transitions are well-known in
condensed matter systems; examples there include vortex lines in superfluid helium, magnetic flux tubes in
type-II superconductors, disclination lines and “hedgehogs” in nematic liquid crystals, and so on. Recent
laboratory experiments (see [409] for references) on vortex-filament formation in the superfluid transition
of 3He (which occurs at a temperature of a few millikelvin) have provided striking confirmation of the basic
Kibble-Zurek [407, 408, 409] picture of TD formation in general that was initially developed within the
context of TD formation in the early Universe.
It is sometimes thought that the existence of TDs in the Universe today is inconsistent with the
idea of an inflationary early Universe — after all, one of the motivations behind the development of the
inflationary paradigm (for reviews, see, e.g., Refs. [410, 411]) was to get rid of the unwanted TDs like
superheavy magnetic monopoles and domain walls by diluting their abundance through the exponential
expansion of the Universe characteristic of an inflationary phase. However, it has been recently realized
that TDs could be produced in non-thermal phase transitions occurring during the preheating stage after
inflation [412, 413], and models can be constructed in which interesting abundances of “harmless” TDs
so formed can exist in the Universe today. This mechanism of TD production involves explosive particle
production due to stimulated decay of the inflaton oscillations through parametric resonance effect, which
leads to large field variances for certain fields coupled to the inflaton field. These large field variances in
turn lead to symmetry restoration for those fields even if the actual reheat temperature after inflation is
small. Subsequent reduction of the field variances due to the continuing expansion of the Universe would
again cause a symmetry breaking phase transition at which TDs could be formed. Thus, TDs can exist
even if there was an early inflationary phase of the Universe.
In general, a TD has a “core” of size ∼ η−1 , η being the vacuum expectation value of the Higgs field
in the broken symmetry phase. The Higgs field is zero and the symmetry is unbroken at the center of this
core — the center being a line for a cosmic string, a point for a monopole and a 2-dimensional surface for
a domain wall — while far outside the core the symmetry is broken and the gauge and the Higgs fields are
in their true ground states. It is in this sense that the object is referred to as a “defect” — it is a region
of unbroken symmetry (“false vacuum”) surrounded by broken symmetry regions (“true vacuum”).
The energy densities associated with the gauge and the Higgs fields are higher within the defect core
than outside. TDs are topologically stable due to non-trivial “winding” of the Higgs field around the defect
cores. This topological stability ensures the “trapping” of the excess energy density associated with the
gauge and the Higgs fields inside the defect cores, which is what makes TDs massive objects.
The mass scale of a defect is fixed by the energy (or temperature) scale of the symmetry breaking
phase transition at which the defect is formed. Thus, if we denote by Tc the critical temperature of the
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defect-forming phase transition in the early Universe, then the mass of a monopole formed at that phase
transition is roughly of order Tc, the mass per unit length of a cosmic string is of order T
2
c , and the mass
per unit area of a domain wall is of order T 3c . For generic symmetry breaking potentials of the Higgs field,
Tc ∼ η.
The TDs can be thought of as “constituted” of the “trapped” quanta of massive gauge- and Higgs
fields of the underlying spontaneously broken gauge theory14. Under certain circumstances, quanta of
some massive fermion fields could also be trapped inside the defects due to their coupling with the defect-
forming gauge and Higgs fields. We shall generically denote the massive particles trapped inside TDs as
“X” particles which can be “supermassive” with mass mX that can be as large as ∼ 1016GeV if the TDs
under consideration are associated with breaking of a GUT symmetry.
Due to their topological stability, once formed in the early Universe, the TDs can survive forever with
X particles trapped inside them. However, from time to time, some TDs, through collapse, annihilation
or other processes, can release the trapped X particles [414, 415, 392, 393, 394, 395, 396, 397, 416, 398,
390, 417, 418]. Decays of these X particles can give rise to extremely energetic nucleons, neutrinos and
photons with energies up to ∼ mX [200, 178]. Depending on the parameters involved, some of these
processes can give a significant contribution to, and possibly explain, the measured EHECR flux above
∼ 1020 eV [12, 403, 295, 297, 406, 206].
There is a large body of literature on the subjects of nature and classification of topological defects of
various kinds and their formation and evolution in the early Universe. We will not attempt to review these
topics here; instead we refer the reader to Refs. [408, 409] for a comprehensive review and list of references.
Historically, much of the early considerations of cosmic topological defects had to do with their gravi-
tational effects, namely, the possible role of cosmic strings in providing the seeds for formation of galaxies
and large scale structure in the Universe, the possibility of magnetic monopoles being a candidate for the
dark matter in the Universe, the recognition of the disastrous role of massive domain walls in cosmology,
and so on. The particle aspect of TDs — that TDs harbor massive quanta of gauge, Higgs, and possibly
other fields inside them, and that these massive particles could, under certain circumstances, be released
from TDs with possibly important consequences — did not receive much attention early on. In 1982,
two independent works [414, 415] pointed out that collapsing closed loops of cosmic strings [414], and
monopole-antimonopole annihilations [415] could be sources of massive X particles of GUT scale mass
∼ 1016GeV in the Universe, and that baryon number violating decays of these X particles could be re-
sponsible for the observed baryon asymmetry of the Universe; however, the possible connection of these
massive X particles with EHECR was not explored then15. In 1983 Hill [392] pointed out that decay of
supermassive X particles released from monopole-antimonopole annihilation through formation and even-
tual collapse of metastable monopolonium (monopole-antimonopole bound states) could give rise to very
energetic particles, and soon it was also pointed out [404] that these energetic particles could be observable
as extremely high energy cosmic rays. After the discovery of superconducting cosmic string solutions by
Witten [420] in 1985, Ostriker, Thompson and Witten [421] pointed out that massive charge carriers whose
mass can be as large as the GUT scale, ∼ 1016GeV, could be spontaneously emitted from superconduct-
ing cosmic string loops which attained a certain maximum current (beyond which the string would lose
its superconductivity). Following this, Hill, Schramm and Walker [393] calculated the expected ultrahigh
energy nucleon and neutrino spectra resulting from the decay of the massive charge carriers (X particles)
released from superconducting cosmic string loops. Soon thereafter, ultrahigh energy cosmic ray spectrum
14We shall restrict ourselves to considerations of “local” TDs, that is, the TDs arising from breaking of local symmetries
only. “Global” topological defects are possible in theories with spontaneously broken global symmetries. There are no massive
gauge bosons for global defects; a large portion of the energy density of a global defect resides in the form of massless Goldstone
bosons, and massive scalar particles play only a subdominant role.
15Recently, however, it has been pointed out [419] that both EHECR and the baryon asymmetry of the Universe may arise
from the decay of X particles released from TDs. For a brief discussion of this possibility, see Sect. 6.10.
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resulting from decay of X particles released from ordinary (i.e., non current-carrying) cosmic strings due
to cusp evaporation process [394, 395], as well as due to collapse or multiple self-intersections of closed
cosmic string loops [397, 396] were considered.
A general formulation of calculating the flux of ultrahigh energy particles from decay of X particles
released from TDs in general was given in Ref. [200] in which a convenient parametrization of the production
rate of X particles from any kind of TDs was proposed. This facilitated calculation of expected UHE
particle spectra due to decay of X particles released from TDs in general without considering specific TD
models. The importance of the expected high flux of photons relative to nucleons from the decay of X
particles at the highest energies as a signature of the TD scenario in general was pointed out in Ref. [178].
The recent detections of the cosmic ray events above 1020 eV by the Fly’s Eye as well as the AGASA
experiments and the realization of the difficulties faced by conventional acceleration scenarios in explaining
these events [12, 26, 403, 13] have led to a renewed interest in the TD scenario of origin of EHECR.
In what follows, we discuss various X particle production processes involving various different kinds of
TDs that have been studied so far, and discuss their efficacies with regard to EHECR keeping in mind the
rough estimates of the X particle production rate required to explain EHECR discussed above. Among the
various kinds of TDs, cosmic strings are perhaps the most well-studied, analytically as well as numerically,
in terms of their properties pertaining to their formation and evolution in the Universe. It is, therefore,
possible to make some quantitative estimates of X particle production rates due to various cosmic string
processes with relatively less number of free parameters as compared to processes involving other TDs.
Because of this, and for illustrative reasons, we first discuss the cosmic string processes in some details,
and then discuss other defects briefly.
6.4 X particle production from Cosmic Strings
The release of X particles from cosmic strings requires removal of local topological stability of (segments
of) cosmic strings. The topological stability of cosmic strings is due to non-trivial winding of the phase
of the relevant (complex) Higgs field around the string. This local stability is removed whenever the
string is in such a configuration that conflicting demand is placed on the phase of the Higgs field, leading
to “unwinding” of the phase. This happens, for example, (a) at the point of intersection of two string
segments, (b) if a closed loop of string shrinks (due to energy loss through, e.g., gravitational radiation)
down to a radius of the order of the width of the string, and (c) in the “cusp evaporation” process. Brief
descriptions of these processes are given below.
Intersection and Intercommuting of String Segments:
The cosmic string has a small but finite width w ∼ η−1, where η is the vacuum expectation value
(VEV) of the relevant Higgs field. The energy per unit length of the string is µ ∼ η2. Because of the
finite width of the string, two intersecting string segments have to overlap on top of each other over a
length scale of order w ∼ η−1 near the point of intersection. The Higgs field phase becomes undefined
in the overlapping region, and a topology removal event takes place, whereby the energy contained in
the overlapping region is released in the form of massive X particles. The remaining string segments
then “exchange partners” and reconnect so as to maintain the continuity of the phase of the Higgs field.
This process of “intercommuting” of strings has been verified by numerical simulations of cosmic string
interactions. This is also the fundamental process that leads to formation of closed loops of string from
self-intersections of long strands of string and to splitting of any closed loop into smaller daughter loops
when the parent loop self-intersects. The energy released in the form of X particles at each intercommuting
event is ∼ µw ∼ η, and since mX ∼ η, we see that, modulo factors of order unity, roughly of order one
X particle is released at each intercommuting event. The contribution of this process to the cosmic ray
flux will depend on the rate of occurrence of these intercommuting events which, as we shall see below, is
negligibly small.
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Final Stage of Loop Shrinkage:
Similarly, each closed loop of string after shrinking down to a radius of order the width of the string
will produce roughly of order one X particles, most of the energy of the original loop having been radiated
away in the form of gravitational radiation.
Cusp Evaporation:
The cusp evaporation is another process by which X particles can be released from cosmic strings.
Cusps are points on a string at which the string at an instant of time moves with the speed of light.
The radius of curvature of the string at a cusp point becomes very small. Existence of cusps is a generic
feature [422] of equations of motion of closed loops of string described by the Nambu-Goto action [408].
Strictly speaking, the Nambu-Goto action is valid only for a mathematically infinitesimally thin string
with no width, and in fact, in this case, the radius of curvature of the string at the cusp is mathematically
undefined. For a realistic string with a small but finite width, the Nambu-Goto action provides a good
description of the string motion as long as radius of curvature of the string is much larger than the width of
the string. Clearly, the Nambu-Goto action breaks down at the cusp points; nevertheless, the Nambu-Goto
description of a string with initially no cusp shows that “almost” cusp points tend to develop, at which, due
to finite width of the string, overlapping of two string segments takes place, leading to “evaporation” [423]
of the overlapped regions of the string in the form of X particles.
The existence of cusps was initially shown for closed loops [422], but cusps can also occur on long strands
of strings due to the presence of small-scale structures such as “kinks” (where the tangent vector to the
string changes discontinuously). Cusps can be formed when kinks propagating on the string in opposite
directions collide with each other [424]. The length of string involved in a cusp is [423, 424] ℓc ∼ ζ2/3w1/3,
where ζ is a characteristic length of the small-scale structure on strings (basically the interkink distance);
for a loop of length L with no or few kinks, the cusp length ℓc is given by the same expression as above with
ζ replaced by L. The energy released in the form of X particles due to a single cusp event is ∼ µℓc, and
hence the number of X particles released in a single cusp evaporation event on a long string is ∼ (ηζ)2/3,
while that for a closed loop of length L is ∼ (ηL)2/3.
Very recently, it has been pointed out in Ref. [425] that the value of cusp length [423] ℓc ∼ L2/3w1/3
mentioned above is actually valid for only a special class of cusps. For a more generic cusp, including the
effects of the Lorentz contraction of the string core, Ref. [425] finds ℓc ∼ (Lw)1/2, which is smaller than
the previous value by a factor of (w/L)1/6. Since L will typically be a cosmological length scale whereas w
is a microscopic length scale, the factor (w/L)1/6 will be an extremely small factor which will drastically
reduce the effectiveness of the cusp evaporation process in producing observable cosmic ray flux. We shall
continue to use the “old” estimate [423] of ℓc in the calculations below as a sort of “upper limit” on ℓc. We
shall see that even this upper limit will be too low to yield observable cosmic ray flux.
For a given ℓc, the contribution of the cusp evaporation process to the cosmic ray flux will depend upon
the number of cusp evaporation events on loops and long strings occurring per unit volume per unit time,
which can be determined only if we know the number densities of closed loops and long strings and the
rate of occurrence of cusps on each loop. In order to estimate the number densities of closed loops and long
strings, let us briefly recall the salient features of evolution of cosmic strings in the Universe [408, 409].
6.4.1 Evolution of Cosmic Strings
Immediately after their formation, the strings would be in a random tangled configuration. One can define
a characteristic length scale, ξs, of the string configuration in terms of the overall mass-energy density, ρs,
of strings through the relation
ρs = µ/ξ
2
s , (70)
where µ denotes the string mass (energy) per unit length. Initially, the strings find themselves in a dense
medium, so they move under a strong frictional damping force. The damping remains significant [408] until
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the temperature falls to T <∼ (Gµ)1/2η, where G ≡ 1/M2Pl is Newton’s constant and η is the symmetry-
breaking scale at which strings were formed. [Recall, for GUT scale cosmic strings, for example, η ∼
1016GeV, µ ∼ η2 ∼ (1016GeV)2, and so Gµ ∼ 10−6.] In the friction dominated epoch, a curved string
segment of radius of curvature r quickly achieves a terminal velocity ∝ 1/r. The small scale irregularities on
the strings are, therefore, quickly smoothed out. As a result, the strings are straightened out and their total
length shortened. This means that the characteristic length scale ξs describing the string configuration
increases and consequently the energy density in strings decreases with time as the Universe expands.
Eventually ξs becomes comparable to the causal horizon distance ∼ t. At about this time, the ambient
density of the Universe also becomes dilute enough that damping becomes unimportant so that the strings
start moving relativistically.
Beyond this point, there are two possibilities. Causality prevents the length scale ξs from growing faster
than the horizon length. So, either (a) ξs keeps up with the horizon length, i.e., ξs/t becomes a constant,
or (b) ξs increases less rapidly than t. In the latter case, the string density falls less rapidly than t
−2. On
the other hand, we know that the radiation density in the radiation-dominated epoch as well as matter
density in the matter-dominated epoch both scale as t−2. Clearly, therefore, in case (b) the strings would
come to dominate the density of the Universe at some point of time. It can be shown that this would
happen quite early in the history of the Universe unless the strings are very light, much lighter than the
GUT scale strings. A string dominated early Universe would be unacceptably inhomogeneous conflicting
with the observed Universe16.
The other possibility, the case (a) above, which goes by the name of “scaling” hypothesis, seems to be
more probable, as suggested by detailed numerical as well as analytical studies [408, 409]. The numerical
simulations generally find that the string density does reach the scaling regime given by ρs,scaling ∝ 1/t2,
and then continues to be in this regime. It is, however, clear that in order for this to happen, strings must
lose energy at a certain rate. This is because, in absence of any energy loss, the string configuration would
only be conformally stretched by the expansion of the Universe on scales larger than the horizon so that ξs
would only scale as the scale factor ∝ t1/2 in the radiation dominated Universe, and ∝ t2/3 in the matter
dominated Universe. In both cases, this would fail to keep the string density in the scaling regime, leading
back to string domination. In order for the string density to be maintained in the scaling regime, energy
must be lost by the string configuration per unit proper volume at a rate ρ˙s,loss satisfying the equation
ρ˙s,total = −2 R˙
R
ρs + ρ˙s,loss , (71)
where the first term on the right hand side is due to expansion of the Universe, R being the scale factor of
the expanding Universe. In the scaling regime ρ˙s,total = −2ρs/t, which gives ρ˙s,loss = −ρs/t in the radiation
dominated Universe, and ρ˙s,loss = −(2/3)ρs/t in the matter dominated Universe.
The important question is, in what form does the string configuration lose its energy so as to maintain
itself in the scaling regime? One possible mechanism of energy loss from strings is formation of closed loops.
Occasionally, a segment of string may self-intersect by curling up on itself. The intersecting segments may
intercommute, leading to formation of a closed loop which pinches off the string. The closed loop would
then oscillate and lose energy by emitting gravitational radiation and eventually disappear. It can be
shown that this is indeed an efficient mechanism of extracting energy from strings and transferring it to
other forms. The string energy loss rate estimated above indicates that scaling could be maintained by
roughly of order one closed loop of horizon size (∼ t) formed in a horizon size volume (∼ t3) in one hubble
expansion time (∼ t) at any time t. In principle, as far as energetics is concerned, one can have the
16However, a string dominated recent Universe — dominated by “light” strings formed at a phase transition at about the
electroweak symmetry breaking scale — is possible. Such a string dominated recent Universe may even have some desirable
cosmological properties [426]. Such light strings are, however, not of interest to us in this discussion.
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same effect if, instead of one or few large loops, a large number of smaller loops are formed. Which one
actually happens depends on the detailed dynamics of string evolution, and can only be decided by means
of numerical simulations.
Early numerical simulations seemed to support the large (i.e., ∼ horizon size) loop formation picture.
Subsequent simulations with improved resolution, however, found a lot of small-scale structure on strings,
the latter presumably being due to kinks left on the strings after each crossing and intercommuting of
string segments. Consequently, loops formed were found to be much smaller in size than horizon size
and correspondingly larger in number. Further simulations showed that the loops tended to be formed
predominantly on the scale of the cut-off length imposed for reasonable resolution of the smallest size loops
allowed by the given resolution scale of the simulation. It is, however, generally thought that the small-scale
structure cannot continue to build up indefinitely, because the back-reaction of the gravitational radiation
from the kinky string itself would eventually stabilize the small-scale structure at a scale ζ ∼ ΓGµt, where
Γ ∼ 100 is a geometrical factor. The loops would, therefore, be expected to be formed predominantly of size
∼ ζ, at any time t. Although much smaller than the horizon size, these loops would still be of “macroscopic”
size, much larger than the microscopic string width scale (∼ η−1 ∼ µ−1/2). These loops would, therefore,
also oscillate and eventually disappear by emitting gravitational radiation. Thus, according to above
picture, the dominant mechanism of energy loss from strings responsible for maintaining the string density
in the scaling regime would be formation of macroscopic-size (≫ η−1) loops.
With the above picture of string evolution in mind, we can estimate the number density of closed loops
born at any time tb as follows: The scaling solution for the long string energy density
17 gives ρs = µ/(xt)
2
with x determined by numerical simulations; typically, in the matter-dominated epoch relevant for our
considerations, x lies in the range [408, 409] from about 0.4 to about 0.7. A recent simulation [417]
indicates x ∼ 0.3. This scaling solution is maintained by closed loops being chopped off from the long
strings. Since loops are born on the scale of the small-scale structure ζ, it is reasonable to assume that the
loops born at any time tb all have the (average) length
Lb = Kζ(tb) = KΓGµtb , (72)
where K is a numerical factor of order unity. Then from Eq. (71) we see that these loops must be born at
a rate (i.e., per unit volume per unit time) given by
dnb
dt
=
2
3x2
(ΓGµ)−1K−1t−4 (73)
in the matter-dominated epoch. (For radiation-dominated epoch, the prefactor 2/3 should be replaced by
unity.)
After their birth these loops oscillate freely and lose energy, and hence shrink, due to emission of
gravitational radiation. A closed loop of length L oscillates with a period [427] L/2 and loses energy
through gravitational radiation at a rate
E˙grav = ΓGµ
2 . (74)
Thus, a loop born with a length Lb at a time tb has a length
L(t) = Lb − ΓGµ(t− tb) (75)
at any later time t, and so a loop of length L has a lifetime τgrav = (ΓGµ)
−1L.
From Eqs. (72), (73) and (75), we can write the loop length distribution (= number density of loops
per unit length) at any time t in the matter dominated era as
dn
dL
(L, t) =
{
2
3x2
K+1
K
1
t2(L+ΓGµt)2 , L ≤ KΓGµt ,
0, L > KΓGµt .
(76)
17Long strings are defined as string segments with radius of curvature >
∼
the horizon length ∼ t.
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It is often convenient to define nL(t) = L(dn/dL)(L, t) as the number density of loops in a length interval
∆L ∼ L around L. Using Eq. (76) we see that nL(t) ∝ t−4L for L≪ ΓGµt and nL(t) ∝ t−2L−1 for L≫
ΓGµt, while nL(t) has a peak at L = ΓGµt. Thus, for K = 1, the most abundant loops today have a typical
length ∼ 200(Gµ/10−6)(Ω0h2)−1/2 kpc and number density ∼ 4.6 × 10−6(Gµ/10−6)−1(Ω0h2)3/2Mpc−3.
The typical separation between these loops is ∼ 60(Gµ/10−6)1/3(Ω0h2)−1/2Mpc. Note the dependence of
the above quantities on the parameter Gµ.
We are now ready to estimate the X particle production rate due to various cosmic string processes.
6.4.2 Intercommuting of Long Strings
The rate of intercommuting events may be estimated as follows [416]: Self-intersections of the long string
segments must occur on the length scale ξs of the long-string configuration as defined by Eq. (70). The time
scale of intersection is, therefore, also ∼ ξs. The total length of string in a given volume V is L ∼ V/ξ2.
Therefore, the number of self-intersections and intercommuting events in the long-string network per unit
time per unit volume is
nic(t) = χ/ξ
4
s , (77)
where χ <∼ 1 is the probability of intercommuting in each intersection. Using ξs(t) ≃ xt with x ≃ 0.3 – 0.7,
and recalling that each intercommuting event releases of the order of one X particle, we see by comparing
with Eq. (68) that the X particle production rate through the intercommuting process is utterly negligible
compared to that required to explain the EHECR flux.
6.4.3 Final Stage of Loop Shrinkage
From Eqs. (72) and (75) we see that loops born at time tb disappear (due to gravitational radiation) at
the time td = (K + 1)tb. Taking into account the expansion of the Universe between the times tb and td,
Eq. (73) gives the number density of loops disappearing per unit time per unit volume at any time t as
dnd
dt
(t) =
2
3x2
(ΓGµ)−1
K + 1
K
t−4 . (78)
Each expiring loop produces ∼ one X particle. Again, comparing with Eq. (68) we see that the production
rate of X particles through this process is also negligible in the context of cosmic rays [428, 416].
6.4.4 Cusp Evaporation
Let us consider cusp evaporation from closed loops [423, 394, 395, 416] first and then consider long strings.
The number of X particles emitted in a single cusp evaporation event on a loop of length L is ∼ µℓcm−1X ∼
µL2/3w1/3m−1X . The time scale of the cusp evaporation process itself is ∆tcusp ∼ ℓc, but the cusps recur [422]
on the loop once every oscillation period (= L/2) of the loop. Since ∆tcusp ≪ L, the rate of X particles
emitted through cusp evaporation from a loop of length L at any time t can be written as
dN cuspX
dt
= 4fcm
−1
X µL
−1/3w1/3 , (79)
where fc is a numerical factor accounting for the efficiency of the cusp evaporation process, and we have
assumed that two cusps appear every oscillation period of the loop [422]. Folding this with the loop length
distribution function of Eq. (76), we get the number density of X particles produced per unit time per unit
volume due to all loops at any time t:
n˙cuspX = 4fcm
−1
X µw
1/3
∫
dLL−1/3
dn
dL
(L, t) . (80)
63
Using Eq. (76) we see that the dominant contribution to the integral in the above equation comes from
loops of length L ∼ ΓGµt, giving
n˙cuspX ≃ 4fcm−1X µw1/3 23x2 K+1K (ΓGµ)−4/3t−10/3
= 4fc
2
3x2
K+1
K Γ
−4/3(Gµ)−1M
2/3
Pl t
−10/3 . (81)
Taking fc = 1, x = 0.3, K = 1, Γ = 100, and with t0 ≃ 2.06 × 1017(Ω0h2)−1/2 sec for the age of the
Universe, we get the rate of X particle production in the present epoch due to cusp evaporation from all
cosmic string loops as
n˙cuspX,0 ≃ 6.4× 10−56
(
Gµ
10−6
)−1
cm−3 sec−1 . (82)
Comparing this rate with that in Eq. (68), we see that the X particle production rate due to cusp evap-
oration from cosmic string loops is too small (by about ten orders of magnitude) to give any significant
contribution to cosmic ray flux.
Note that n˙cuspX generally increases with decreasing value of µ. This is due to the fact that for lower
values of µ (lighter strings) the gravitational radiation rate is reduced, so loops survive longer and conse-
quently the number density of loops present at any time is larger, giving a larger contribution to X particle
production rate. This at first suggests [394] that for sufficiently light strings (i.e., for sufficiently small
values of Gµ) the X particle production rate due to cusp evaporation may even exceed the rate required
for sufficient cosmic ray production, thereby giving a lower limit on Gµ, i.e., a lower limit on the energy
scale of any string-forming phase transition. However, this turns out not to be the case [395]: For too small
values of Gµ, the energy loss of the string loops through gravitational radiation becomes so small that the
cusp evaporation process itself becomes the dominant energy loss mechanism which then determines the
number density of loops. Detailed calculations [395] show that when the loop length distribution function,
Eq. (76), is modified (for small values of Gµ) to include the energy loss of the loop due to cusp evaporation
itself, then there is no lower limit on Gµ. Indeed, n˙cuspX increases with decreasing values of Gµ reaching
a peak at around Gµ ∼ 10−15, and n˙cuspX then decreases with further decrease in the value of Gµ. The
peak value of n˙cuspX , however, still remains about four orders of magnitude below the value required for
producing sufficient cosmic ray flux.
Let us now consider cusp evaporation from long strings. Cusps can be formed on long strings due
to collisions of kinks traveling on long strings [424]. The total length of string in a given volume V is
L ∼ V/ξ2s . The inter-kink separation is ∼ ζ ∼ ΓGµt, so the number of kinks on the string is ∼ L/ζ. The
time-scale of kink collisions is ∼ ζ. Therefore, the number of cusps formed per unit time per unit volume is
∼ χ(ζξs)−2, where χ <∼ 1 is the probability of cusp formation in each kink collision. (Ref.[424] finds that χ
can be ∼ 0.5). As explained earlier, the number of X particles released in a single cusp evaporation event
on a long string is ∼ (ηζ)2/3. Thus, the production rate of X particles due to cusp evaporation from the
long string network in the scaling solution (ξs = xt) can be written as
n˙cusp,LSX ≃ χ(ηζ)2/3(ζξs)−2
= χx−2Γ−4/3(Gµ)−1M
2/3
Pl t
−10/3 . (83)
Except for an overall factor of order unity, this is same as the X particle production rate in the case of
cusp evaporation from loops. Thus, X particle production from cusps on cosmic strings gives negligible
contribution to cosmic ray flux.
As already mentioned earlier, the cusps assumed above are special ones. Taking into account the fact
that for a generic cusp the energy released is actually much smaller [425], one can conclude that the cusp
evaporation process leads to utterly negligible cosmic ray flux.
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6.4.5 Collapse or Repeated Self-intersections of Closed Loops
It is clear from the above discussions that in order to produce X particles with a large enough rate so
as to be relevant for cosmic rays, macroscopically large lengths of strings are required to be involved in
the X particle production process. One such process is complete collapse or repeated self-intersections of
closed loops [396]. It is known [427] that any initially static non-circular loop, or any loop configuration
that can be described by single-frequency Fourier modes, collapses into a double-line configuration at a
time L/4 after its birth, L being the length of the loop. (Recall, period of oscillation of a loop of length
L is L/2.) In such overlapped configurations, the entire string would annihilate into X particles [414].
Such completely collapsing configurations are, however, likely to be very rare. Nevertheless, this kind of
collapsing loops serve as an example of a general class of situations in which macroscopically large fraction
of the energy of cosmic string loops is dissipated in the form of X particles on a time-scale much shorter
than the time-scale τg ∼ (ΓGµ)−1L of decay of the loops due to energy loss through gravitational radiation.
For example, one can think of a situation in which a large loop self-intersects and splits into two smaller
loops, and each daughter loop self-intersects and splits into two further smaller loops, and so on. Under
such a circumstance, it can be seen [429] that a single initially large loop of length L can break up into a
debris of tiny loops (of size ∼ η−1, thereby turning into X particles) on a time-scale τdebris ∼ L. Since, as
discussed earlier, loops are expected to be born at any time t with typical size L ∼ KΓGµt ≪ t, we see
that the above time-scale of break-up of a large loop into X particles is much less than the Hubble time,
and very much less than the gravitational decay time-scale τg.
Following Ref. [396] let us suppose that a fraction fX of the total energy in all newly born loops at any
time t goes into non-relativistic X particles of mass mX on a time-scale much shorter than the gravitational
decay time-scale τg. Using Eqs. (72) and (73) we then get
n˙X(t) = fX
µ
mX
2
3x2
t−3 , (84)
where x ≃ 0.3. Eq. (68) then implies that in order to explain EHECR we require
fXη
3/2
16 ≃ 2.8× 10−5 , (85)
where we have taken l(Eγ = 300EeV) = 50Mpc, mX ∼ η ∼ µ1/2, and defined η16 = (η/1016 GeV). One
should keep in mind that Eq. (85) is valid provided the cosmic string loops producing the X particles are
distributed in a spatially homogeneous manner.
For a given value of fX , there is an independent constraint on η16 which comes from the fact that any
electromagnetic radiation injected at the EHECR energies would initiate an electromagnetic cascade (see
Sect. 4.2) whereby a part of the injected energy would show up at lower energies (in the 10 MeV – 100
GeV region) where existing measurements of the diffuse gamma ray background constrain any such energy
injection. The energy density that would go into the cascade radiation is approximately given by [406] (see
Sect. 7.1)
ωcas ≃ 1
2
mX n˙Xt0 , (86)
and the measured gamma ray background in the 10 MeV – 100 GeV region [185] imposes the constraint [406]
ωcas ≤ 2× 10−6 eV cm−3 . (87)
Eqs. (84), (86), and (87) together imply the condition
fXη
2
16 ≤ 9.6× 10−6 . (88)
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The requirement of Eq.(85) can be satisfied (so that we are able to explain the EHECR) without violating
the cascade constraint (88) only for η lying in the range 9.2 × 1012GeV <∼ η <∼ 1.2 × 1015GeV with fX in
the corresponding range 6.7× 10−4 <∼ fX <∼ 1 satisfying fX ≃ 2.8 × 10−5η
−3/2
16 .
The above discussions indicate that that a cosmic string scenario of EHECR with mX much above
∼ 1015GeV may be difficult to reconcile with the low energy diffuse gamma ray constraint. On the other
hand, for mX ∼ 1015GeV, cosmic strings can be responsible for EHECR without violating the gamma ray
background constraint provided that a fraction few× 10−4 of the newly born loops at any time t goes into
X particles on a time-scale much smaller than the Hubble time ∼ t.
The above crude analytical estimates indicate that the measured “low” energy diffuse gamma ray
background provides an important constraint on the mass (or energy) of the decaying particle if the number
densities of these particles are normalized so as to explain the EHECR. This important fact was first pointed
out in Refs. [430] and has subsequently been emphasized in many studies [295, 156, 297, 418, 406, 206].
As discussed earlier below Eq. (69), the energy injection rate needed to explain the EHECR is uncertain,
and the estimate of Eq. (69) is probably an overestimate in which case the upper limit onmX derived above
(for the viability of cosmic string scenario of EHECR) may be pushed up to ∼ 1016GeV, a typical GUT
scale. Indeed, recent detailed numerical calculations [206] show that, for a large range of other parameters,
TD scenarios of EHECR in general are consistent with all observational data for mX up to ∼ 1016GeV,
but not much above this value.
Coming now to the question of fX , it is not known what fraction of loops may be born in collapsing
and/or repeatedly self-intersecting configurations such that essentially all their energy eventually turns
into X particles. In principle, numerical simulations of loop self-intersections should be able to answer this
question, but in practice the simulations have so far lacked the necessary resolution. On the theoretical side,
Siemens and Kibble [431] have shown that self-intersection probability of a loop increases exponentially
with the number of harmonics needed to describe the loop configuration. In particular, since kinks are
high harmonic configurations, loops having kinks have high probability of self-intersection. Since the loops
formed from self-intersection of long strings (or from splitting of existing loops) invariably have kinks on
them, it is not inconceivable that an interesting fraction (∼ few × 10−4) of loops at any time may indeed
undergo repeated self-intersections and rapidly deteriorate into tiny loops which decay into X particles.
Note that if loops always self-intersect and thus quickly turn into X particles, i.e., if fX ∼ 1, then the
the constraint (85) gives η ≤ 9.2 × 1012GeV, which would rule out the existence of GUT-scale cosmic
strings [396] because of excessive X particle production and the resulting overproduction of EHECR. At
the same time, for fX ≃ 1, cosmic strings with η ∼ 1013GeV can explain the EHECR flux without violating
the low energy cascade γ−ray constraint.
Note that in the process of repeated self-intersection and splitting off of loops, a fraction of the total
energy of a parent loop is likely to go into kinetic energy of the daughter loops at each splitting [429].
Depending on this fraction the daughter loops may get substantial kicks at their birth. The smallest loops
which eventually turn into X particles may, therefore, be relativistic [429] and hence well dispersed in space.
Thus, although at any time there might be relatively few initially large loops within our Hubble volume so
that the distribution of those initially large loops might be highly inhomogeneous and anisotropic, the X
particles themselves resulting from repeated self-intersection and splitting of those loops and the resulting
cosmic rays may be more isotropically and uniformly distributed in the sky.
However, there may be a problem if the X particles are too relativistic, and the authors of Ref. [406],
in particular, have argued within the context of a specific loop fragmentation model that in the relativistic
X particle case it is hard to obtain sufficient number of X particles to explain the EHECR flux without
violating the cascade constraint (88) for any reasonable values of η. However, this conclusion seems to be
specific to the particular loop fragmentation model considered in Ref. [406], and can be evaded in other
loop fragmentation scenarios. For example, in the Siemens-Kibble scenario [431] mentioned above in which
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all cosmic string loops quickly break up into X particles, thus giving fX ∼ 1, it can be shown [432] that
the EHECR flux can be explained without violating the γ−ray cascade constraint, provided the strings
are sufficiently light, η <∼ 3.1 × 1013GeV, and fKE, the fraction of energy of any parent loop (in its rest
frame) that goes into the kinetic energy of daughter loops, is not too large, fKE <∼ few percent.
It may be mentioned here that an EHECR scenario involving lighter (i.e., lighter than GUT scale)
cosmic strings with, e.g., η ∼ few × 1013GeV, has an advantage over one with heavier strings because the
number density of loops of such light strings would be larger than that for heavier strings. Recall (from
the discussions following Eq. (76)) that the number density of loops at any time is proportional to (Gµ)−1
and the average separation between the loops is proportional to (Gµ)1/3, while the typical length of a loop
is proportional to Gµ. Thus, while for GUT-scale strings with η ∼ 1016GeV (i.e., Gµ ∼ 10−6), there
are only about 2.4(Ω0h
2)3/2 loops within a typical “GZK volume” of radius ∼ 50Mpc, the number would
be larger by a factor of 106 for strings with η ∼ 1013GeV (Gµ ∼ 10−12). Thus the problem of lack of
enough cosmic string loops [433, 428, 416] encountered in the GUT-scale cosmic string scenario of origin
of EHECR may be solved with sufficiently light string loops undergoing repeated splittings and thereby
producing sufficiently energetic X particles relevant for EHECR.
6.4.6 Direct Emission of X Particles from Cosmic Strings
Finally, we consider the recent suggestion [417] that X particles may be directly radiated from cosmic
strings. From the results of their new numerical simulations of evolution of cosmic strings, authors of
Ref. [417] have claimed that if loop production is not artificially restricted by imposing a cutoff length for
loop size in the simulation, then loops tend to be produced predominantly on the smallest allowed length
scale in the problem, namely, on the scale of the width of the string. Such small loops promptly collapse
into X particles. In other words, according to Ref. [417], there is essentially no loop production at all — the
string energy density is maintained in the scaling regime by energy loss from strings predominantly in the
form of direct X particle emission, rather than by formation of large loops and their subsequent gravitational
radiation. It should be mentioned here that this result, which implies a radical departure from the results
of earlier numerical simulations of evolution of cosmic strings [408, 409], has been questioned recently [434].
However, the basic issues involved here are quite complex and currently rather ill-understood, and as such
the results of Ref. [417] cannot be ruled out at this time. If the results of Ref. [417] are correct, then X
particles are directly produced by cosmic strings at a rate given by Eq. (84) with fX = 1. Comparing
this rate with that in Eq. (68), we see that in order for cosmic rays from cosmic strings not to exceed the
observed cosmic ray flux, the string-forming symmetry breaking scale η is constrained [396, 417, 418, 298]
as η <∼ 1013GeV. Thus, in this case, GUT scale cosmic strings with η ∼ 1016GeV will be ruled out [396,
417, 418, 298] — because they would necessarily overproduce EHECR — while at the same time cosmic
strings formed at a phase transition with η ∼ 1013 – 1014GeV would be a “natural” source of EHECR.
Note, however, that the typical radius of curvature of long strings today, and hence the typical distance
between neighboring long strings is of the order of the Hubble distance ∼ t0. Therefore, the observed
EHECR can be due to direct emission of X particles from long strings only in the case of accidental
proximity of a long string segment lying within say ∼ 50 Mpc from us [406]. In this case, however, the
observed arrival directions of the EHECR events is predicted to be highly anisotropic. In particular,
one should expect the sources of individual EHECR events to trace out a linear or filamentary region
of sky [396] corresponding to the long string configuration. This prediction should be testable with the
upcoming large-area EHECR detectors.
Before closing this discussion on cosmic strings as possible sources of EHECR, it is worthwhile to
mention that cosmic string formation at a phase transition with desired η ∼ 1013 – 1014GeV rather than
at the GUT scale transition with η ∼ 1016GeV is not hard to envisage. For example, the symmetry breaking
SO(10) → SU(3) × SU(2) × U(1)Y× U(1) can take place at the GUT unification scale MGUT ∼ 1016GeV;
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with no U(1) subgroup broken, this phase transition produces no strings. However, the second U(1) can
be subsequently broken with a phase transition at a scale ∼ 1014GeV or lower to yield the cosmic strings
relevant for EHECR. Note that these strings would be too light to be relevant for structure formation in
the Universe and their signature on the CMBR sky would also be too weak to be detectable. Instead, the
extremely high energy end of the cosmic ray spectrum may offer a probing ground for signatures of these
“light” cosmic strings. We add that cosmic strings of mass scales somewhat below the GUT scale could
also be produced in non-thermal phase transitions associated with the preheating stage after inflation, as
mentioned in Sect. 6.3.
6.5 X Particles from Superconducting Cosmic Strings
Superconducting cosmic strings (SCSs) [420] are cosmic strings carrying persistent electric currents. The
current can be carried either by a charged Higgs field having a non-zero vacuum expectation value inside
the string (thus breaking the electromagnetic gauge invariance inside the string and thereby making the
string superconducting), or by a charged fermion field living as a “zero mode” inside the string due to
coupling of the fermion to the string-forming Higgs field. (Here zero mode refers to the fact that the
relevant fermions are massless inside the string whereas they have a finite mass outside the string.) In the
case of non-abelian cosmic strings the superconductivity of the string can also be due to a charged vector
field condensate inside the string. Superconducting strings would also in general carry electric charges due
to charges trapped at the formation of the string by the Kibble mechanism and/or due to inter-commuting
of string segments with different currents. A review of basic properties of SCSs can be found in Ref. [408].
Superconducting strings cannot sustain currents beyond a certain critical current Jc. In the case of
fermionic superconductivity, this happens because the density of the charge carriers at the critical current
becomes degenerate enough that the fermi momentum inside the string exceeds the mass of the fermion
in the vacuum outside the string, at which point the fermions above the fermi sea cease to be trapped on
the string and begin to be ejected into the vacuum outside the string. Similarly, in the bosonic case, the
energy density in the charged scalar field condensate inside the string at the maximum current becomes
high enough to cause restoration of the broken electromagnetic symmetry inside the string, as a result of
which the string loses its superconductivity.
The magnitude of Jc is model dependent, but the string forming symmetry-breaking scale η provides
an upper bound on Jc, namely, Jc ≤ Jmax ≃ eη, both for bosonic as well as fermionic superconductivity.
(Here e is the elementary electronic charge.) If an SCS achieves the critical current, the charge carriers
will be expelled from the string. Outside the string, the charge carriers are massive with a mass that —
depending on the particle physics model — can be as large as the GUT-scale ∼ 1016GeV. These massive
charge carriers would then be the X particles whose decay may give rise to extremely energetic cosmic ray
particles.
There can be a variety of mechanisms of setting up the initial current on the string. Apart from
small-scale current and charge fluctuations induced on the string at the time of the superconducting phase
transition, large scale coherent (dc) currents can be induced on macroscopically large string segments (of
horizon scale ∼ t) as the string moved through a possible primordial magnetic field in the Universe. Or
a string can pick up a current due to its motion through the Galactic magnetic field, for example. In
addition, any closed loop of oscillating SCS in an external magnetic field would have an ac current, and
there would also be short-wavelength ac contribution to the current on the scale of the small-scale wiggles
on long strings.
The evolution of current-carrying SCSs is considerably more complicated than that of “ordinary” non
current-carrying cosmic strings, and is rather poorly understood at the present time. It is therefore difficult
to make concrete predictions about contributions of SCSs to EHECR. One possible model of X particle
production from SCSs with fermionic superconductivity and the resulting EHECR flux was first studied
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by Hill, Schramm and Walker (HSW) [393]. Their model was based on the scenario of evolution of current-
carrying SCS closed loops suggested by Ostriker, Thompson and Witten (OTW) [421].
In the OTW scenario, initial currents on closed SCS loops are induced due to the changing magnetic
flux of a primordial magnetic field linked by the loops — the flux change being due to the expansion of
the Universe. Once an initial current is set up, a current-carrying, oscillating closed loop of SCS loses
energy through electromagnetic as well as gravitational radiation, and as a result the loop shrinks in size.
This, in turn, leads to an increase of the dc component of the current on the loop (J ∝ L−1, L being
the instantaneous length of the loop) due to conservation of the initial magnetic flux linked by the loop.
Eventually, the current on the loop would reach the saturation value Js = Jc, at which point charge carriers
— the massive X particles — would be emitted from the loop.
The X particle emission rate from a current saturated SCS loop in the case of fermionic superconduc-
tivity can be estimated as follows [393]: The number of fermions of a given chirality plus antifermions
of the opposite chirality per unit length of the string is nF = pF/π, where pF is the Fermi momentum.
The current on the string is related to the Fermi momentum through the relation J = enF = epF/π.
The string is saturated when pF = mF , where mF is the mass of the fermion (to be identified with the
X particle in this case). Thus Js = emF/π. The mass of the fermion arises from its Yukawa coupling
with the symmetry-breaking Higgs field responsible for the formation of the string. Thus mF = gη, where
g (assumed <∼ 1) is the Yukawa coupling constant and η is the VEV of the string-forming Higgs field.
The total number of fermions plus antifermions inside a SCS loop of length L in the saturated regime
is simply NF (t) = (mF/π)L(t). After it is saturated, the loop continues to radiate energy and shrink.
As the saturated loop shrinks, the fermi momentum remains constant at pF = mF , the current remains
constant at Js, and so the shrinkage of the saturated SCS loop is accompanied by fermion emission at a
rate given by N˙F = (mF /π)L˙. The loop shrinkage rate L˙ in the saturated regime is in general determined
by the combined rate of electromagnetic (e.m) plus gravitational energy radiation from the loop. However,
depending on the values of the Yukawa coupling g and the symmetry-breaking scale η, either the e.m. or
the gravitational radiation may dominate.
The e.m. radiation power from a SCS loop (without cusp18) with current J is given by [421] Pem =
γemJ
2, where γem ≃ 100. The gravitational energy loss rate, Pgrav, is given by Eq. (74). In order to have
EHECR particles, we shall require that mF = gη ≥ 1012GeV, and since one generally expects g <∼ 1, we
shall require η >∼ 1012GeV, i.e., Gµ >∼ 10−14 and 10−7(Gµ)−1/2 <∼ g ≤ 1. From these conditions one can
see that, for a saturated SCS loop with 10−14 <∼ Gµ <∼ 10−8, e.m. radiation dominates over gravitational
radiation for all allowed values of g that satisfy the requirement mentioned above. On the other hand,
for a saturated loop with Gµ > 10−8, e.m. radiation dominates if 10(Gµ)1/2 <∼ g ≤ 1, and gravitational
radiation dominates if 10−7(Gµ)−1/2 <∼ g < 10(Gµ)1/2. If L˙ is determined by the e.m. radiation, then the
fermion emission rate from a saturated SCS loop is given by
N˙F =
4
π2
αemγemg
3η , (89)
where αem = 1/137 is the e.m. fine-structure constant, and we have used µ ≃ η2 and mF = gη. If
gravitational radiation dominates (which requires g to be sufficiently small), then
N˙F =
g
π
(ΓGµ)η . (90)
Eq. (89) or (90) gives the fermion emission rate from a single saturated loop. To find the total number
density of fermions (X particles) produced by all saturated SCS loops per unit time at any time t, we need
to know the number density of saturated SCS loops in the Universe as a function of cosmic time t. It is
18Loops with cusps may have significantly higher radiated electromagnetic power [435]
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here that things become rather complicated and model-dependent. The evolution of the length distribution
function for current-carrying SCS loops is not known. HSW [393] assumed that the loop formation rate
for SCSs is same as that for ordinary cosmic strings and their evolution in the pre-saturation regime is
governed by gravitational radiation loss as discussed in Sect. 6.4.119. One expects that at any given cosmic
time t, all existing loops of length below a certain “saturation length” Ls will have achieved the saturation
current, and each of these loops would be emitting fermions at a rate given by Eq. (89) or (90), as the
case may be. The saturation length Ls depends on the details of the manner in which the initial current
is induced on loops, the magnitude of the initial current on a loop (which depends on the strength of the
ambient magnetic field), the subsequent magnetic field history experienced by the loop, and so on.
In the OTW scenario, in which the initial currents on loops are induced by the removal (due to
expansion of the Universe) of a primordial magnetic field whose energy density scales as that of the
universal radiation background, Ls is roughly constant in time [393]. In this case, with the loop length
distribution function given by that for ordinary cosmic strings [Eq. (76)], one sees that the X particle
production rate, n˙X(t) ∝ t−4. HSW [393] showed that for certain ranges of parameter values, this scenario
can produce EHECR flux comparable with observed flux.
In a more general situation, depending on the magnetic field history, the saturation length Ls can
increase or decrease with time, and consequently the time dependence of n˙X would be different. According
to Ref. [393], in scenarios where Ls grows with time — such a scenario may obtain, for example, if the
intergalactic magnetic fields are increased by dynamo effects — the value of saturation length in the present
epoch Ls(t0) would be smaller than its value in the OTW scenario, and the resulting absolute value of n˙X
in the present epoch would be insufficient to explain the observed EHECR flux. On the other hand, as
we shall discuss in Sect. 7, there is a general problem in situations where Ls decreases with time because
then the energy injection in the early epochs would turn out to be unacceptably large from considerations
of distortion of the CMBR and primordial nucleosynthesis [437] if the absolute value of n˙X in the present
epoch were such as to explain the EHECR flux. Thus, in general it seems difficult to invoke SCS loops (at
least in the case of fermionic superconductivity) as possible sources of EHECR.
We should stress that the above conclusion hinges upon the assumption that evolution of SCSs in the
unsaturated regime is similar to that of ordinary cosmic strings. This is highly uncertain, and as of now,
no detailed numerical simulations comparable to those available for ordinary cosmic strings have been done
for the study of evolution of a network of superconducting strings. Even the dynamics of a single current-
carrying SCS loop is uncertain. The assumption of homologous shrinkage of saturated SCS loops assumed
above is probably too simplistic. Indeed, the loop can fold onto itself in complicated shapes with one or
more self-intersections, leading to enhanced emission of the charge carriers. A variety of other instabilities
can appear (see, e.g., Ref. [438] and references therein for a recent discussion of these issues). In addition,
the effects of the ac current modes as well as the effects of the plasma in which the strings move are highly
uncertain. It is also possible that SCS loops may in fact never achieve the saturation current at all; instead
they may form stable “vortons” — charge- and current-carrying SCS loops stabilized against shrinkage by
angular momentum [439] — which themselves may be relevant for EHECR (see below).
Apart from the uncertainties inherent to the physics of SCSs in general, there are several “astrophys-
ical” uncertainties associated with the proposal of SCSs as possible sources of EHECR. First, as already
mentioned above, the mechanism of induction of initial current on SCSs is uncertain due to uncertainties
in our knowledge of the magnetic field history of the Universe. Second, it has been pointed out [440]
that even if SCS loops achieve saturation current and emit the massive charge carriers (X particles), the
energetic particles resulting from the decay of the X particles are likely to be quickly degraded in energy
due to synchrotron losses and other processes occurring in the high magnetic field region around the string.
19The evolution of the current in SCS loops under combined e.m. plus gravitational radiation is discussed in a different
context in Ref. [436].
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Within the framework of the Standard Model it has been claimed that most of the energy is radiated as
thermal neutrinos with a temperature of roughly 10 MeV that may be observable by underground detectors
and be comparable to the atmospheric neutrino flux at these energies, whereas the emitted γ−rays may
give rise to coincident GRBs [441]. The problem of degradation of energetic particles may, however, be
avoided [393] if the charge carriers have a lifetime sufficiently long that they may be able to drift into
the weak-field region far away from the string before decaying. Another possibility arises if the string has
mainly ac current: In this case, there can be sections of the string with large electric charge but small
current, and high energy particles can escape through those regions [406].
To summarize this discussion on SCSs, then, the range of possibilities here are so large and our current
state of knowledge of evolution of SCSs is so uncertain that a definite conclusion regarding the viability
or otherwise of SCSs as sources of EHECR cannot be made at this stage. The simplest models that have
been studied so far generally fail to produce sufficient EHECR flux. However, more work will be needed
in this regard.
6.6 X Particles from Decaying Vortons
A SCS loop possessing both a net charge as well as a current can, under certain circumstances, be stabilized
against collapse by the angular momentum of the charge carriers. Such stable SCS loops of microscopic
dimension, called “vortons” [439], do not radiate classically and essentially behave like particles with
quantized charge and angular momentum.
A vorton can be characterized by essentially two integer “quantum” numbers: (a) N , the total winding
number of the phase of the charge carrier scalar field condensate along the length of the loop, which
is responsible for the conserved current on the loop20, and (b) Z, which is related to the total charge
Q = Ze on the loop. A vorton generally tends to evolve towards a “chiral” state21 in which |Z| ≃ |N |,
and angular momentum L ≃ ZN ≃ N2. The characteristic vorton radius Rv obtained by minimizing the
total energy of a SCS loop is given by Rv ≃ (2π)−1/2|NZ|1/2η−1s , where ηs is the string-forming symmetry
breaking scale. Note that ηs may in general be different from (larger than) the symmetry breaking scale ησ
associated with the appearance of superconductivity in the string. However, the most favorable conditions
for vorton formation occur when ηs and ησ are not too widely different. For GUT-scale vortons with
ηs ∼ ησ ∼ 1016GeV, a rough estimate [442] gives N ≃ Z ∼ 100, and so Rv ∼ 10−28 cm, but these estimates
can be off by several orders of magnitude depending on the detailed dynamics of the vorton formation
process.
(Meta)stable vortons with lifetime greater than the age of the Universe can be a dark matter candidate.
However, in some cases, their predicted abundance in the early Universe is so large as would overclose the
Universe at early times, in which case the particle physics models under consideration (which predict
vorton formation) have to be ruled out. These considerations strongly constrain the vorton formation
energy scale in the early Universe. For more details on these issues and for detailed discussions and
references on properties, formation and evolution of vortons , see, e.g., Refs. [442, 443, 444].
Vortons can be relevant for EHECR in two ways: Although classically stable, a vorton can decay
by quantum mechanical tunnelling process. Such metastable vortons decaying in the present epoch can
release the massive charge carrier particles with mass mσ <∼ ησ which can act as the X particles of the
top-down scenario of EHECR if mσ >∼ 1012GeV and if vortons exist today with a sufficient abundance.
This possibility has been studied in Ref. [445]. Alternatively, vortons, being highly charged particles, could
be accelerated to extremely high energies in some astrophysical sites, and thus vortons themselves could act
20We consider here the case of bosonic superconductivity of the string. However, similar arguments apply for fermionic case
also because of formal equivalence of bosons and fermions in (1+1) dimensional field theory on the string world-sheet; for
more details, see Ref. [408].
21The name chiral refers to the fact that in this case the rotation velocity of the vorton approaches the speed of light.
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as the EHECR particles [446]. Here we briefly discuss the first possibility (decaying vortons); the second
possibility will be discussed briefly in Sect. 6.12.2.
Authors of Ref. [445] have studied an approximate semiclassical model of vorton decay through quantum
tunnelling originally suggested by Davis [447]. This involves calculating the tunnelling probability of a chiral
vorton configuration with N ≃ Z units of topological winding number to change to a configuration with
N − 1 units (with the accompanying emission of one quantum of the charge carrier field of mass mσ ∼ ησ),
through a barrier of height ∆E in energy and spatial width ∆R, where R is the radius of the vorton. The
tunnelling rate, or the inverse of the lifetime of the vorton, is generally given by τ−1v ∼ mv exp−(∆E∆R).
From simple consideration of energy conservation, one can show that [445] ∆E∆R ≃ N . Thus vortons
with larger initial N have longer lifetime. In order to be present and decaying in the present epoch, the
vortons must have N larger than a certain minimum value Nmin ∼ ln(t0ησ) (we have assumed ηs ∼ ησ). On
the other hand, from the point of view of obtaining sufficient EHECR flux, the vorton lifetime (and hence
N) should not be too large, for a given vorton abundance in the Universe. The vorton abundance and
the typical values of N (which as explained above determines the vorton lifetime) depend on the detailed
dynamics of the vorton formation process and are rather poorly understood at present. But, in general, it
turns out that the joint requirements on the vorton lifetime and abundance (in order to obtain sufficient
EHECR flux) place conflicting demands on the vorton formation energy scale. Thus at the present time it
seems rather difficult to explain EHECR with decaying vortons.
According to a recent study [444], the vorton density is most sensitive to the order of the string forming
phase transition and relatively insensitive to the details of the subsequent superconducting phase transition.
For a second-order string forming phase transition, vorton production is cosmologically disastrous (because
they overclose the Universe) and hence unacceptable for ηs(∼ ησ) in the range 105GeV <∼ ηs <∼ 1014GeV.
For a first-order string forming phase transition, the exclusion range is somewhat narrower: 109GeV <∼
ηs <∼ 1012GeV. For ηs ≫ 1014GeV, no vortex are expected to form. On the other hand, vortons formed at
ηs <∼ 105GeV (109GeV for a first-order phase transition) can provide a (part) of the dark matter and are,
therefore, cosmologically interesting. However these low mass-scale vortons are unlikely to be relevant for
EHECR because the typical mass of the emitted charge carriers (X particles) are then too low to produce
EHECR particles. Note, however, that analysis of Ref. [444] still leaves open a window of potentially
interesting vorton density for ηs ≃ ησ ∼ 1012–1014GeV, which may then be relevant for EHECR if the
appropriate requirement on the vorton lifetime can be met.
We mention here that, as far as EHECR are concerned, vortons as possible EHECR sources would
behave very much like the possible long-lived, superheavy metastable relic X particles which are discussed
in a general way in Sect. 6.13. Thus, like standard cold dark matter, vortons would be expected to cluster
in the Galactic halo and so their density in the Galactic halo would be significantly enhanced over their
average cosmological density. The dominant contribution of vortons to the EHECR flux would then come
from this clustered component with the concomitant advantages and disadvantages that are discussed later
in Sect. 6.13. We add, however, that vortons are highly charged particles and as such they should be subject
to a variety of cosmological constraints applicable to massive highly charged particles. The vortons also
have a circulating current and hence behave essentially as point magnetic dipoles. These attributes may
or may not have dramatic effects on their clustering properties, but remain to be studied in detail.
6.7 X particles from Monopoles
Compared to vortons and superconducting strings, magnetic monopoles as topological defects are perhaps
somewhat more well-studied in terms of their formation and evolution in the Universe. Formation of
magnetic monopoles is essentially inevitable in most realistic GUT models. They lead to the well-known
monopole overabundance problem, which historically played a major role in the development of the idea of
inflationary cosmology. For a review of monopoles and their cosmological implications, see. e.g., Ref. [411].
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The relevance of monopoles as possible sources of X particles in a top-down scenario of EHECR arose
from the works of Hill [392] and Schramm and Hill [404]. If monopoles were formed at a phase transition in
the early Universe, then, as Hill [392] suggested in 1983, formation of metastable monopole-antimonopole
bound states — “monopolonium” — is possible. At any temperature T , monopolonia would be formed
with binding energy Eb >∼ T . The initial radius ri of a monopolonium would be ri ∼ g2m/(2Eb), where gm is
the magnetic charge (which is related to the electronic charge e through the Dirac quantization condition
egm = N/2, N being the Higgs field winding number characterizing the monopole as a TD). Classically,
of course, the monopolonium is unstable. Quantum mechanically, the monopolonium can exist only in
certain “stationary” states characterized by the principal quantum number n given by r = n2aBm, where n
is a positive integer, r is the instantaneous radius, and aBm = 8αe/mM is the “magnetic” Bohr radius of
the monopolonium. Here αe = 1/137 is the “electric” fine-structure constant, and mM is the mass of a
monopole.
Since the Bohr radius of a monopolonium is much less than the Compton wavelength (size) of a
monopole, i.e., aBm ≪ m−1M , the monopolonium does not exist in the ground (n = 1) state, because then
the monopole and the antimonopole would be overlapping, and so would annihilate each other. However,
a monopolonium would initially be formed with n ≫ 1. It would then undergo a series of transitions
through a series of tighter and tighter bound states by emitting initially photons and subsequently gluons,
Z bosons, and finally the GUT X bosons. Eventually, the cores of the monopole and the antimonopole
would overlap, at which point the monopolonium would annihilate into X particles. Hill showed that the
life time of a monopolonium is proportional to the cube of its initial radius. Depending on the epoch of
formation, some of the monopolonia formed in the early Universe could be surviving in the Universe today,
and some would have collapsed in recent epochs including the present epoch. The resulting X particles
could then be a source of EHECR.
The monopolonia collapsing in the present epoch would have been formed in the early Universe at
around the epoch of primordial nucleosynthesis [392, 398]. At that epoch, the monopole-plasma energy
exchange time scale would still be smaller than the expansion time scale of the Universe [398], so the
relevant monopolonium abundance at formation can be reasonably well described in terms of the classical
Saha ionization formalism. On the other hand, the e+e− annihilations at a temperature of ∼ 0.3 MeV
(i.e., shortly after the nucleosynthesis epoch) significantly reduces the effectiveness of monopole-plasma
scatterings in maintaining thermal equilibrium of the monopoles. Thus although the relevant monopolonia
are formed when the monopoles are still in thermal equilibrium, their subsequent “spiraling in” and collapse
mostly occurs in a situation when the monopoles are effectively decoupled from the background plasma.
Thus the lifetime of the relevant monopolonia can be calculated to a good approximation by using the
standard “vacuum” dipole radiation formula given by Hill [392]
The X particle production from collapsing monopolonia and the resulting EHECR flux was studied in
details in Ref. [398]. As in the case of collapse and/or successive self-intersections of cosmic string loops,
the X particle production rate n˙X(t) due to monopole-antimonopole annihilations through monopolonia
formation turns out to be proportional to t−3. The efficacy of the process with regard to EHECR, however,
depends on two parameters, namely, (a) the monopolonium-to-monopole fraction at formation (ξf ) and
(b) the monopole abundance. The latter is unknown. However, for a given monopole abundance, ξf is in
principle calculable by using the classical Saha ionization formalism.
Phenomenologically, since a monopole mass is typically mM ∼ 40mX (so that each monopolonium
collapse can release ∼ 80 X particles), we see from Eq. (68) that one requires roughly (only!) a few
monopolonium collapse per decade within roughly every Solar system-size volume over a volume of ra-
dius ∼ few tens of Mpc centered at Earth. Whether or not this can happen depends, as already men-
tioned, on ξf as well as on the monopole abundance, the condition [398] being (ΩMh
2)hξf ≃ 1.7 ×
10−8(mX/10
16GeV)1/2[10Mpc/l(Eγ = 300EeV)], where ΩM is the mass density contributed by monopoles
in units of closure density of the Universe. Thus, as expected, larger the monopole abundance, smaller is
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the monopolonium fraction ξf required to explain the EHECR flux.
Note that, since ξf must be less than unity, the above requirements can be satisfied as long as (ΩMh
2)h >
1.7×10−8(mX/1016GeV)1/2. Recall, in this context, that the most stringent bound on the monopole abun-
dance is given by the Parker bound (see Ref. [411]), (ΩMh
2)Parker <∼ 4×10−3(mM/1016GeV)2. The estimate
of ξf obtained by using the Saha ionization formalism [392, 398] shows that the resulting requirement on
the monopole abundance (in order to explain the EHECR flux) is well within the Parker bound mentioned
above. The monopolonium collapse, therefore, is an attractive scenario in this regard. A detailed study of
the kinetics of monopolonium formation is needed to determine the monopolonium fraction at formation.
The above scenario assumes, of course, that the well-known monopole overabundance problem (see, e.g.,
Ref. [411]) is “solved” by some mechanism, e.g., inflation, but at the same time the scenario also assumes
that a small but interesting relic abundance of monopoles was somehow left behind. Such a relic abun-
dance could have been produced, for example, thermally during the reheating stage after the inflationary
phase. Also, various out-of-equilibrium processes, such as a phase transition to a transient superconduct-
ing phase [448, 449] giving rise to transient magnetic flux tubes connecting monopole-antimonopole pairs,
could well enhance monopolonium abundances beyond the equilibrium estimates mentioned above and be
more easily compatible with the required numbers derived above for explaining the EHECR flux. These
possibilities remain to be studied in detail.
Recently, the kinetics of monopolonium formation process has been studied in Ref. [450] by solving the
relevant Boltzmann equation. The authors of Ref. [450] claim that the resulting monopolonium abundance
is too low to be able to explain the EHECR flux. This is based on the observation that the typical energy
loss time scale of monopolonium with the plasma due to friction is smaller than the Hubble time by a factor
≃ 10mM/MPl ≫ 1 before recombination such that bound states can be formed only after recombination.
Instead, Ref. [450] suggests a different (non-thermal) mechanism of monopolonium formation in which
essentially all monopoles and antimonopoles are connected by strings formed at a relatively low energy
phase transition (at ∼ 100 GeV). The monopole “magnetic” flux is assumed to be completely confined
inside the strings — the monopoles are also assumed to have no other unconfined charges —so that
the monopolonia decay mainly through emission of gravitational radiation (rather than electromagnetic
radiation), with lifetimes comparable to the age of the Universe. It is claimed that in this scenario the
relic abundance of monopolonia can be sufficient to explain the EHECR flux. This mechanism, however,
remains to be studied in detail.
An interesting possibility is that monopolonia, unlike monopoles, may be clustered in the Galactic halo.
Monopoles may be accelerated by the Galactic magnetic field causing them to escape (“evaporate” [411])
from the halo even if they were initially clustered there. However, monopolonia, being magnetically neutral,
should be immune to the Galactic magnetic field: it is easy to check that typical Galactic magnetic field
strength of ∼ few µG is too weak to “ionize” a monopolonium. In this respect, the clustering properties
of monopolonia in the Galactic halo should be very similar to the standard Cold Dark Matter. Thus,
as mentioned in the case of vortons above, the density of monopolonia in the Galactic halo may be
significantly enhanced over their average cosmological density in the Universe [406]. This means that the
actual universal monopolonium abundance required for explaining the EHECR could be even lower than
the estimates obtained above assuming unclustered distribution of monopolonia in the Universe. The
signatures of clustered monopolonia as sources of EHECR will in many respects be similar to those of
metastable massive relic particles discussed in Sect. 6.13.
6.8 X Particles from Cosmic Necklaces
A cosmic necklace is a possible hybrid topological defect consisting of a closed loop of cosmic string with
monopole “beads” on it. Such a hybrid defect was first considered by Hindmarsh and Kibble [451]. Such
hybrid defects could be formed in a two stage symmetry-breaking scheme such as G→ H×U(1)→ H×Z2.
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In such a symmetry breaking, monopoles are formed at the first step of the symmetry breaking if the group
is semisimple. In the second step, “Z2” strings are formed, and then each monopole gets attached to two
strings, with monopole magnetic flux channeled along the string. Possible production of massive X particles
from necklaces has been pointed out in Ref. [390].
The evolution of the necklace system is not well understood. The crucial quantity is the dimensionless
ratio r ≡ mM/(µd), where mM denotes the monopole mass, µ is the string energy per unit length, and d is
the average separation between a monopole and its neighboring antimonopole along the string. For r ≪ 1,
the monopoles play a subdominant role, and the evolution of the system is similar to that of ordinary
strings. For r ≫ 1, the monopoles determine the behavior of the system. Authors of Ref. [390] assume
that the system evolves to a configuration with r ≫ 1. This is a crucial assumption, which remains to
be verified by numerical simulations. If this assumption holds, then one may expect that the monopoles
sitting on the strings would tend to make the motion of the closed necklaces aperiodic, leading to frequent
self-intersections of these necklaces and to eventual rapid annihilation of the monopoles and antimonopoles
trapped on necklaces. This would lead to X particle production.
The X particle production rate from necklaces is given by [390]
n˙X ∼ r
2µ
mXt3
. (91)
Except for numerical factors, this equation has the same form as Eq. (84) for cosmic string loops with µ
replaced by r2µ. For suitable choices of values of r2µ, necklaces can explain the observed EHECR. One
advantage of the necklace scenario is that, for sufficiently large values of r, the distance between necklaces
can be small enough that sufficient number of necklaces may be expected within a typical “GZK” radius of
few tens of Mpc. For sufficiently large r, necklaces may also cluster within the Local Supercluster, and may
even cluster on galactic scales [406]. Again, necklaces clustered in the Galactic halo could be an attractive
source of EHECR.
A somewhat related monopole-string system, namely, a network of monopoles connected by strings [452]
as possible sources of EHECR was studied in Ref. [453]. This system is obtained by replacing the factor Z2
in the symmetry breaking scheme mentioned above by ZN with N > 2. In this case, after the second stage
of symmetry breaking, each monopole gets attached to N > 2 strings. Each monopole is pulled in different
directions because of the tension in the strings attached to it. The net acceleration suffered by a monopole
due to these pulls causes it to radiate gauge boson quanta, mostly photons and gluons (monopoles carry
both ordinary magnetic charge as well as color-magnetic charge). However, the predicted flux at EHECR
energies turns out to be too low to explain the observed flux for all reasonable values of the parameters of
the system [453, 406].
6.9 A General Parametrization of Production Rate of X Particles from Topological
Defects
From the above discussions on various different kinds of topological defects as possible sources of EHECR,
it is clear that different kinds of defects in general produce X particles at different rates. It was suggested
in Ref. [200] that X-particle production rate for any general TD process may, on dimensional grounds, be
expressible in terms of the two fundamental parameters entering in the problem, namely, the mass-scale
mX (which, in turn, is related to the symmetry-breaking scale at which the relevant TDs were formed)
and the Hubble time t in the form (in natural units with h¯ = c = 1)
n˙X(t) = κm
p
X t
−4+p , (92)
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where κ and p are dimensionless constants whose values depend on the specific process involving specific
TDs under consideration, or alternatively, in the form
n˙X(t) =
Q0
mX
(
t
t0
)−4+p
, (93)
where Q0 is the rate of energy injected in the form of X particles of mass (energy) mX per unit volume
in the present epoch, and t0 denotes the present age of the Universe. The quantity Q0 depends on the
specific TD process under consideration.
The above forms for n˙X are expected to be valid for any TD systems for which there is no intrinsic
time and energy scales involved other than the Hubble time t and mass scale mX . This is the case in
situations in which the TDs under consideration evolve in a scale-independent way. As discussed above,
this “scaling” is indeed a property of evolution of cosmic strings. The same is true for X particle production
from monopolonia and necklaces22.
For a given TD process, the quantity Q0 is in principle calculable. However, in practice, for essentially
all kinds of TDs as discussed above, the evolutionary properties of the TD systems are not known well
enough to allow us to calculate the values of Q0 a priori in a parameter-free manner. Nevertheless, for a
given value of the parameter p, the above parametrization of the X particle production rate allows us to
study the TD scenario of EHECR in a general way (i.e., without referring to any specific TD process) by
suitably normalizing the value of Q0 so as to explain the observed EHECR data and then checking to see
if the value of Q0 so obtained is consistent or not with other relevant data (such as the diffuse gamma ray
background in the 10 MeV – 100 GeV region; see section 7).
Except for the cusp evaporation process, other relevant X particle production processes involving cosmic
strings studied so far are characterized by Eq. (93) with p = 1, as are the processes involving monopolonia
and necklaces. The decaying vorton scenario is characterized by p = 2. On the other hand, superconducting
cosmic string scenarios studied so far correspond to p < 1. As we shall discuss in section 7, TD processes
with p < 1 generally lead to unacceptably high rate of energy injection in the early cosmological epochs,
which would cause excessive 4He photo-disintegration and CMBR distortion [437], and are, therefore,
currently unfavored in the context of EHECR.
6.10 TDs, EHECR, and the Baryon Asymmetry of the Universe
In the TD scenario of EHECR origin, the X particles typically belong to some Grand Unified Theory.
The decay of the X particles may, therefore, involve baryon number violation. Based on this observation,
it has been suggested [419] that there may be a close connection between the EHECR and the observed
baryon asymmetry of the Universe (BAU). Indeed it may be the case that both arise from the decay of X
particles released from TDs. Production of X particles from TDs is an irreversible process, so the standard
out-of-thermal-equilibrium condition necessary for the creation of BAU is (and hence the famous Sakharov
conditions are) automatically satisfied.
In this scenario, the X particles released from TDs in the early epochs produce the BAU, whereas
the EHECR are due to X particle decay in the recent epoch. As indicated by Eq. (93), the rate of X
particle production by TDs in the early epochs was higher than it is now. Normalizing the present-day
rate of X particle production from the requirement to explain the EHECR flux, the total integrated baryon
asymmetry produced by decays of all X particles released from TDs at all epochs in the past can be
calculated. As pointed out in Ref. [419], depending on the amount of baryon number violation in each
X particle decay, which unfortunately is unknown and is model dependent, the net baryon asymmetry
22In the case of hybrid defects such as necklace, there are more than one mass scales involved. However, the time dependence
of n˙X is still expressible in the form of Eq. (92) or (93); cf. Eq. (91).
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produced can account for or at least be a significant fraction of the observed BAU. Thus, if this scenario is
correct, then not only the extremely high energy cosmic rays, but the entire low energy baryonic content
of the Universe today may at some stage or another have arisen from decay of massive particles from
TDs, and the EHECR observed today would then represent the baryon creation process “in action” in the
Universe today. The baryon asymmetry should in principle be reflected in the observed EHECR, but it
will be extremely difficult, if not impossible, to detect this in EHECR. Realistic calculations including all
relevant baryon number violating processes within specific GUT models will be needed to explore this idea
further.
6.11 TeV-Scale Higgs X Particles from Topological Defects in Supersymmetric The-
ories
We have so far dealt with X particles of mass ≫ 1011GeV produced by topological defects. Recently,
however, it has been realized (see Ref. [418] for details and other references) that in a wide class of
supersymmetric gauge theories, the relevant Higgs boson can be “light”, of mass mH ∼ TeV (the “soft”
supersymmetry breaking scale), whereas the gauge boson can be much heavier with mass mV <∼ 1016GeV,
the GUT scale. In these theories, therefore, topological defects can simultaneously be sources of the Tev
mass-scale Higgs bosons as well as the GUT mass-scale gauge bosons. It has been suggested [418] that
while the superheavy gauge bosons may act as the X particles generating the EHECR, there is now an
additional direct source of energy injection at the TeV scale due to decays of the Higgs bosons, which may
contribute significantly to the extragalactic diffuse γ−ray background above ∼ 10 GeV which also seems
to be difficult to explain in terms of conventional sources. Some implications of this are discussed further
in Sect. 7.
6.12 TDs Themselves as EHECR Particles
Strictly speaking, the subject of this section belongs to Sect. 5 because the basic ideas discussed below
involve acceleration mechanisms rather than any top-down decay mechanism. Nevertheless, since the
objects which are accelerated are topological defects themselves, we discuss them here. Two situations
have been discussed in literature, involving monopoles and vortons: we discuss them in turn.
6.12.1 Monopoles as EHECR Particles
It has been suggested by Kephart and Weiler [454, 455, 456], following an earlier suggestion by Porter [457],
that magnetic monopoles of mass mM ∼ 109 – 1010GeV may themselves act as the EHECR particles. This
is an attractive suggestion because, from the point of view of energetics, monopoles can indeed be easily
accelerated to the requisite EHECR energies by the Galactic magnetic field. A monopole of minimum
Dirac magnetic charge qM = e/2α (where α = e
2/4π ≃ 1/137 is the fine-structure constant) will typically
acquire a kinetic energy
EK ∼ qMBLc
√
N
≃ 5.7× 1020
(
B
3× 10−6G
)(
Lc
300 pc
)1/2 ( R
30 kpc
)1/2
eV (94)
in traversing through the Galactic magnetic field region of size R ∼ 30 kpc containing a coherent magnetic
field B ∼ 3 × 10−6G with a coherence length Lc ∼ 300 pc, where N ∼ R/Lc is the average number of
coherent magnetic domains encountered and the
√
N factor takes account of the random difference in the
magnetic field orientations within different coherent domains.
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In order to ensure that air-showers induced by monopoles contain relativistic particles, the monopoles
themselves must be sufficiently relativistic which requires that the monopole mass be mM <∼ 1010GeV.
Such relatively low mass monopoles must be formed at a symmetry-breaking scale <∼ 109GeV. These
monopoles would also be interesting because they would be free of the usual monopole over-abundance
problem associated with GUT-scale monopoles of mass ∼ 1017GeV formed at the GUT symmetry-breaking
phase transition at a scale of ∼ 1016GeV. In fact, it is a curious coincidence [454, 455] that the observed
EHECR flux lies just three to four orders of magnitude below the “Parker limit” (see, e.g., [411]) on the
Galactic monopole flux for monopoles of the required mass ∼ 1010GeV. This interesting coincidence has
prompted Kephart and Weiler to speculate that this possible connection between EHECR and monopoles
may be a hint towards some dynamical reason that forces the monopole flux to saturate the Parker bound23.
There are, however, several uncertainties in this monopole scenario of EHECR. The precise mechanism
behind, and the nature of, monopole-induced air showers are largely unknown. A monopole is expected to
have an intrinsic strongly interacting hadronic “cloud” around it, of typical dimension ∼ Λ−1QCD ∼ few fm.
Thus monopoles, like protons, are expected to have a typical strong interaction cross section for interaction
with air nuclei. In addition, a variety of other monopole-nucleus interactions are possible, such as enhanced
monopole-catalyzed baryon number violating processes with a strong cross section of ∼ 10−27 cm2 [459],
possible binding of nuclei to monopoles [460] (in which case the monopole-air interaction would resemble
a relativistic nucleus-nucleus collision), and so on. Bound states of charged particles and monopoles as
EHECR primaries have also been considered recently in Ref. [461] where it has been suggested that the EAS
spectrum created by such primaries should exhibit a line spectrum component. This specific prediction
should be easy to test with next generation UHECR experiments. Several other possible strong as well as
electromagnetic interactions of monopoles with nuclei are mentioned by Weiler [456]. One of the major
problems, however, is that although in many cases the relevant cross sections can be large, the required
large inelasticities (i.e., large energy transfers) are generally difficult to realize for a massive particle like
the monopole [401].
Another problem arises from considerations of distributions of arrival directions of individual EHECR
events [462]. The arrival directions of monopole primaries are expected to show preference for the local
Galactic magnetic field directions. However, the arrival directions of the observed EHECR events seem
to show no such preference [462]. Moreover, Monte Carlo calculations [462] indicate that the expected
spectrum of monopoles accelerated in the Galactic magnetic field is very different from that of the observed
UHECR. However, the spectrum beyond 1020 eV is not yet well-measured, and only future measurements
of the EHECR spectrum by the up-coming large-area detectors will hopefully be able to settle this issue.
Thus, it is not yet possible to completely rule out the monopole scenario of EHECR. However, it seems
rather unlikely [401] at the present time. Clearly, more theoretical work especially on the air-showering
aspects of monopoles are needed.
6.12.2 Vortons as EHECR Particles
Vortons were already discussed in Sect. 6.6. Vortons are highly charged particles and can, therefore, be
accelerated in powerful astrophysical objects such as AGNs, radio galaxy hot-spots, and so on, if vortons
are present in those objects with sufficient abundance — a possibility if vortons are (at least a part of)
the ubiquitous dark matter. Authors of Ref. [446] have proposed vortons of mass mV ∼ Zm with Z ∼ 100
and m ∼ ηs ∼ ησ ∼ 109GeV as the EHECR particles. Like the case of monopoles discussed above,
accelerating vortons to the requisite energies seems to be no problem. The main problem, however, is that
the interaction properties of vortons with ordinary matter and the kind of atmospheric air-showers they
are likely to generate are highly uncertain, and so nothing much definite can be said about this possibility.
23A scenario in which monopoles “naturally” occur with an abundance at the level of the Parker saturation limit was
discussed earlier in connection with certain phase transitions in some superstring theories [458].
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For details on one particular model studied so far, see Ref. [446], which suggests that vortons should
produce a line spectrum component of EAS, similar to the case of charged particle-monopole bound state
primaries [461].
6.13 EHECR from Decays of Metastable Superheavy Relic Particles
6.13.1 General Considerations
It has been suggested recently by Kuzmin and Rubakov [463] and by Berezinsky, Kachelrieß, and Vilenkin [389]
(see also Ref. [464]) that EHECR may be produced from decay of some metastable superheavy relic parti-
cles (MSRPs) of mass mX >∼ 1012GeV and lifetime larger than or comparable to the age of the Universe24.
The long but finite lifetime of MSRPs could be due to slow decay of MSRPs through non-perturbative
instanton effects [463] or through quantum gravity (wormhole) effects [389] which induce small violation of
some otherwise conserved quantum number associated with the MSRPs. The (almost) conserved quantum
number could be due to some global discrete symmetry, for example. In other words, but for the instanton
and/or quantum gravity effects, the MSRPs would have been absolutely stable, and their long but finite
lifetime is then due to small violation of some protector symmetry.
Possible candidates for MSRPs and their possible decay mechanisms giving them long lifetime have been
discussed in the context of specific particle physics/superstring theory models in Refs. [464, 466, 391, 467,
468]. Several non-thermal mechanisms of production of MSRPs in the post-inflationary epoch in the early
Universe have been studied. They include gravitational production through the effect of the expansion of
the background metric on the vacuum quantum fluctuations of the MSRP field [469], or creation during
reheating at the end of inflation if the MSRP field couples to the inflaton field [463, 470]. The latter case
can be divided into three subcases, namely “incoherent” production with an abundance proportional to
the MSRP annihilation cross section, non-adiabatic production in broad parametric resonances with the
inflaton field during preheating, and creation in bubble wall collisons if inflation is completed by a first
order phase transition [471]. A recent review of MSRP production mechanisms associated with inflation
is given in Ref. [413].
Under certain circumstances MSRPs can even exist in the present-day Universe with sufficient abun-
dance so as to act as non-thermal superheavy dark matter. The MSRPs of mass >∼ 1012GeV, if they are to
act as superheavy dark matter, would have to have been created in non-thermal processes, because the uni-
tarity limit on the self-annihilation cross section imposes [473] an upper bound of ∼500 TeV on the mass of
any relic dark matter particle species that was once in thermal equilibrium in the early Universe. Another
possibility is the thermal production of such MSRPs with a subsequent substantial entropy production, for
example, by thermal inflation [474].
Various phenomenological aspects of the MSRP decay scenario of EHECR origin has recently been
studied further in Refs. [391, 475, 406, 476, 477, 478]. In order to explain the observed EHECR flux, a
specific relationship between the abundance of MSRPs and their lifetime must be satisfied. We can see this
from the discussions already presented in Sect. 6.2.3. Let us assume for simplicity that each MSRP decay
produces roughly a similar number of quarks and/or leptons as in the case of X particles from topological
defects (however, this need not [463] be the case —see below). Also let us first assume that the MSRPs
(we shall call them X particles throughout this section) are distributed uniformly across the Universe, and
as in Sect. 6.2.3 we consider decay of the X particles in the present epoch only. The decay rate is simply
n˙X = nX/τX , where τX is the lifetime as defined through the usual exponential decay law. The quarks
from the decay of these X particles will hadronize in the same way as discussed in Sect. 6.2, producing a
photon and neutrino dominated injection spectrum. Then using Eq. (68) with α = 1.5 we see that in order
24This possibility, with a specific MSRP candidate from superstring theory called “crypton” [465] in mind, was noted several
years ago in a footnote in Ref. [397]. However, it was not explored there further.
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to produce the observed flux of EHECR (assuming they are photons), we require
τX ≃ 2.8× 1021(ΩX h2)
(
lE
100Mpc
)(
1012GeV
mX
)1/2
yr , (95)
where ΩX is the cosmic average mass density contributed by the MSRPs in units of the critical density
ρc ≃ 1.05 × 10−4h2GeV cm−3, h is the present value of Hubble constant in units of 100 km sec−1Mpc−1,
and lE is the effective penetration depth of UHE radiation.
Thus, for ΩXh
2 ∼ 1 (maximal value allowed), one requires τX ∼ 3 × 1021 yr for mX = 1012GeV
and lE = 100Mpc. Recall that in order to produce the EHECR particles (assuming they are nucleons
and/or photons), the relic X particles must decay in the present epoch. Thus τX cannot be much smaller
than ∼ 1010 yr because then most of the MSRPs would have already decayed in earlier epochs25. With
τX ∼ t0 ∼ 1010 yr, one needs only a tiny MSRP abundance ΩXh2 ∼ 3 × 10−12 (for mX = 1012GeV) to
explain the EHECR flux.
Currently, neither the abundance ΩX nor the lifetime τX of the proposed MSRPs is known with any
degree of confidence. Clearly, in order to produce (but not overproduce) the EHECR flux, some fine-tunning
between ΩX and τX , which should approximately satisfy the condition given by Eq. (95), is needed. Note
that since mX has to be >∼ 1012GeV (to explain the EHECR), the MSRP lifetime cannot exceed ∼ 1022 yr.
It is expected that the MSRPs would behave like the standard cold dark matter (CDM) particles in the
Universe. If ΩXh
2 ∼ 1, then MSRPs would be the CDM or at least a significant part of it. The important
point noticed in Ref. [389] is that irrespective of the value of the universal MSRP density ΩX , the ratio
ξX = ρX/ρCDM of mass density contribution from the X particles to that from CDM particles should
be roughly same everywhere in the Universe, since both X particles and CDM particles would respond
to gravity in the same way. Thus, the value of ξX within individual galactic halos should be same as
that in the extragalactic space. Thus, since CDM particles (by definition) are clustered on galactic halo
scales, so will be the X particles, and that by the same factor. In particular, MSRPs are expected to be
clustered in our own Galactic Halo (GH). Using the solar neighborhood value of the DM density in the
GH, ρHCDM,⊙ ≃ 0.3GeV cm−3 (see, e.g., Ref. [411]) as a reference value for the average CDM density ρHCDM
in the GH, one can write the average number density of X particles in the GH as
nHX ≃ 3× 10−13
(
ΩX
ΩCDM
)(
1012GeV
mX
)(
ρHCDM
0.3GeV cm−3
)
cm−3 , (96)
where ΩCDM = ρCDM/ρc gives the cosmic average mass density of CDM. Noting that the cosmic average
number density of X particles is ncosX ≃ 10−16(ΩXh2)(1012 GeV/mX) cm−3, we see that the GH contribution
to the predicted EHECR flux from MSRP decay exceeds the extragalactic (EG) MSRP decay contribution
by a factor f given by
f ≡ jH
jex
= ζ
nHX
ncosX
RH
lE
≃ 15ζ
(
0.2
ΩCDMh2
)(
RH
100 kpc
)(
100Mpc
lE
)
, (97)
where RH is the radius of the GH, and ζ is a geometric factor of order unity determined by the spatial
distribution of the X particles in the Halo. If the X particles constitute a dominant fraction of the CDM
in the GH, then their density must fall off as 1/r2 at large Galactocentric distances in order to explain the
flat rotation curve of the Galaxy. In the situation in which the X particles do not constitute the dominant
component of the CDM in the Galaxy, the spatial distribution of X particles in the GH may, depending
on the nature of their interaction with other matter, be different from that of CDM. However, if the X
25On the other hand, τX ≫ t0 does not of course mean that no MSRPs are decaying currently. Indeed, as mentioned already,
the current decay rate of the X particles is simply nX/τX .
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particles are only very weakly interacting with other particles — interacting mainly through gravity —
then they will be expected to be distributed like the CDM irrespective of their density contribution. Thus,
for an isothermal density profile [479], for example [475, 406, 476, 477], ζ ≃ 6.7. For another model [480],
ζ ≃ 2.
From the above discussion, it is clear that in this scenario the contribution of X particles to the EHECR
flux will be dominated by the GH component over the EG component by a factor of order 10 or more except
probably for the case of neutrino flux for which one should replace lE in the above equation by the neutrino
absorption length, ≫ 100Mpc. For neutrinos the EG contribution would be comparable to or greater than
the GH contribution. For UHECR protons with energy E ≪ EGZK ∼ 5 × 1019 eV, the effective energy
attenuation length scale becomes large (≫ 100Mpc), so the EG proton component can also be comparable
to the GH proton component at these energies.
The immediate conclusion [389, 406] that follows from the above discussion is that in this GH dominated
X particle decay (GHXPD) scenario, the spectrum of UHECR, which is predicted to be photon dominated,
should show (almost) complete absence of the GZK suppression. The required energy injection rate in the
form of X particles is also not constrained by the EGRET measured γ−ray background because there is
practically no EHE γ−ray cascading — RH is too small compared to EHE photon interaction length of
>∼ 10Mpc (see Fig. 11). The apparent absence of the GZK suppression in the recent UHECR data from
the AGASA experiment [8] may be taken as indicative [82] of support to the GHXPD scenario, although
the AGASA EHECR data can also be consistent with a general EG X particle decay scenario (involving
topological defects, for example) with p = 1 of Eq. (93) (see Ref. [206] for the most recent calculations).
Note in this context that a general top-down scenario in which X particles are MSRPs can be effectively
described by Eq. (93) with p = 2. Also, as mentioned earlier, some kinds of topological defect sources
of (unstable) X particles such as monopolonium, vortons, and possibly necklaces can also be clustered in
the GH, and will produce EHECR spectrum having roughly the same characteristics as that in the MSRP
related GHXPD scenario being discussed here. An example of the fluxes predicted in the GHXPD scenario
is shown in Fig. 30.
Note that with the GH contribution dominating over the EG component, the condition expressed by
Eq. (95) should be modified — the r.h.s of Eq. (95) will now get multiplied by the factor f of Eq. (97).
Thus, for a given τX the required universal abundance of MSRPs, ΩX , will be a factor f lower than what
is indicated by Eq. (95).
Finally, we note that the number of quarks and/or leptons resulting from the decay of the MSRP X
particle has been assumed to be around 2 or 3 in practically all calculations done so far. This is reasonable
in a perturbative decay picture. On the other hand, as pointed out by Kuzmin and Rubakov [463], instanton
mediated decay processes (which may be needed for making the MSRPs sufficiently long-lived) typically
lead to multiparticle final states. Thus instanton mediated X particle decays will typically give a relatively
large number (∼10) of quarks with a fairly flat distribution in energy, rather than typically 1 or 2 quarks
expected in the perturbative X decay scenario implicitly assumed, for example, in the topological defect
scenario. In other words, the numbers N˜ and Nq used in the discussion of Sect. 6.2.2 may be quite different
from what are usually assumed in the top-down scenario. This may leave a distinguishing signature in
the predicted spectrum which may help in distinguishing the topological defect scenario from the MSRP
scenario [463].
6.13.2 Anisotropy
An important signal of the GHXPD scenario of EHECR, pointed out by Dubovsky and Tinyakov [475],
is the expected anisotropy of the EHECR flux. Because of the off-center location of the Solar system
with respect to the (assumed spherical) GH, some amount of anisotropy of the EHECR flux measured
at Earth is expected. This is important because an experimental confirmation of the absence of the
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predicted anisotropy will be a definite evidence against the GHXPD model. The expected anisotropy has
been calculated in Refs. [475, 406, 476, 477] in several different GH models. The predicted anisotropy
varies from about 10% to 40% depending on the parameters of the GH model. The strongest measure
of the anisotropy in this model is associated with the large ratio of the predicted UHECR flux from the
direction of the Galactic Center (GC) to that from the direction of the Galactic Anticenter (GA) [475, 406].
Unfortunately, except for one southern-hemisphere EAS array, namely, the now-defunct SUGAR array in
Sydney, Australia, none of the major currently operating as well as closed EAS arrays (AGASA, Fly’s Eye,
Haverah Park, Yakutsk — all located in the northern hemisphere) can “see” the GC. So this strongest
signal of the predicted anisotropy will have to wait to be tested until the southern hemisphere detector of
the Pierre Auger project is built and made operational. In the meantime, large northern hemisphere EAS
arrays should see a dip in the measured EHECR flux from the direction of the GA relative to the direction
perpendicular to the Galactic plane [406].
Another strong signal of the GHXPD model are the expected “dips” in the GH flux enhancement factor
f of Eq. (97), due to direct flux from relatively close-by EG dark matter clumps represented by objects
such as the the Andromeda galaxy or the Virgo cluster [389, 406, 475, 476].
According to Ref. [477], in the case in which the GH component becomes dominant over the EG
component at E >∼ 1019 eV, the latest AGASA data already rule out the GHXPD model. On the other
hand, in the case in which the GH component makes the dominant contribution to the flux measured by
AGASA only at E >∼ 1020 eV, the model cannot yet be ruled out even for the largest predicted anisotropy
in the model: the number of events (∼ 6) is too low to allow any statistically significant conclusion to be
drawn. On the other hand, according to the analysis of Ref. [476] (BSW) which includes the data from
the now defunct SUGAR array in the analysis, the GHXPD model is ruled out, because these authors
claim that the predicted anisotropies are much higher than those observed and that the predicted flux
from the Andromeda galaxy is not seen. On the basis of their analysis, BSW claim that the GHXPD
scenario cannot contribute more than ∼ 10% to the observed UHECR flux. However, Berezinsky and
Mikhailov [477] have pointed out that in the light of the latest AGASA data [8] the GHXPD contributes
dominantly to the observed flux only at energies E > 1020 eV where the SUGAR array most probably
observed no events, so the inclusion of the SUGAR array data could bias the analysis significantly. Clearly,
this important question of anisotropy remains unresolved. In addition, the recent evidence for small scale
clustering found by the AGASA experiment [83] may require a significant clustering of the dark matter
component consisting of the decaying X particles on scales of the Galactic halo. As already mentioned,
the up-coming large arrays, especially the southern hemisphere array of the Pierre Auger project will have
the capability to unambiguously resolve the issue. For a recent more detailed study of the question of
anisotropy in the GHXPD model, see, Ref. [481].
In scenarios where neutrinos have a mass in the eV range and UHE neutrinos from MSRP decays at
large cosmological distances ≫ 100Mpc give rise to EHECR within 100 Mpc from Earth through decay
of Z bosons resonantly produced by interactions of the primary neutrino with the relic neutrinos (see
Sect. 4.3.1.), the expected EHECR angular distribution is not expected to correlate with the GH. Rather,
the EHECR anisotropy is then expected to correlate with the large scale structure at a certain redshift
range which is determined by the resonance condition for the annihilating primary neutrinos [207].
6.14 Cosmic Rays from Evaporation of Primordial Black Holes
A recent proposal that does not involve the production of X particles and therefore, in the strict sense does
not belong to the top-down scenarios, concerns the production of UHECR during evaporation of primordial
black holes [482]. It was claimed that the required black hole abundance is consistent with observational
constraints on the local rate of black hole evaporation. This mechanism may, however, not contribute to the
UHECR flux at all due to the formation of a photosphere around the black hole whose typical temperature
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is of the order of the QCD scale [483]. The photosphere strongly reduces the possibility of observing
individual black holes with temperatures greater than the QCD scale, since the high energy particles
emitted from the black hole are recycled to lower energies in the photosphere. However, primordial black
holes may provide a significant contribution to the Galactic flux of protons, electrons, their antiparticles,
and γ−rays in the 100 MeV range, a fact that has extensively been used to in turn constrain the number
of black holes formed in the early Universe [484].
7 Constraints on the Topological Defect Scenario
Scenarios of UHECR production that are related to new physics near the Grand Unification scale exhibit
a striking difference to conventional acceleration models: Whereas acceleration is tied, in one form or
another, to astrophysical objects and magnetized shocks associated with them and took place at redshifts
not greater than a few, energy release associated with Grand Unification scale physics takes place not only
today, but already in the early Universe up to temperatures corresponding to the Grand Unification scale.
Consequently, this energy release — that can roughly be estimated by normalizing its present day rate to
the value required to explain the observed UHECR flux — can imply other effects that are constrained by
observations. Such effects are a diffuse γ−ray background below ∼ 100GeV (see Sect. 7.1) and its influence
on light element abundances through photo-disintegration of light nuclei (Sect. 7.2), and on distortions of
the CMB (Sect. 7.3), as well as comparatively high diffuse neutrino fluxes above ∼ 1018 eV (Sect. 7.4).
7.1 Low-Energy Diffuse γ−ray Background: Role of Extragalactic Magnetic Field and
Cosmic Infrared Background
In Sect. 4.2 the development of EM cascades and the resulting diffuse γ−ray background were discussed
qualitatively, and Sect. 4.4.1 addressed how magnetic fields can modify the picture. Here, we demonstrate
concrete implications of these general aspects for the low-energy diffuse γ−ray background predicted by
TD scenarios.
A simple analytical estimate of the saturated cascade γ−ray spectrum can be given in the case when
the CMB is the only relevant low energy photon background in which the cascading takes place (E is now
the photon energy) [35, 485]:
jcasγ (E) ≃
ωcas
E2x(2 + ln(Ec/Ex))
×

(E/Ex)
−1.5 for E < Ex
(E/Ex)
−2 for Ex < E < Ec
0 for Ec > E
. (98)
Here, ωcas is the total release of EM energy per unit volume above Ec, and Ec and Ex are characteristic
redshift dependent energies given by [486]
Ec ≃ m
2
e
22TCMB
≃ 4.9× 10
4GeV
1 + z
,
Ex ≃ 0.04Ec ≃ 2× 10
3GeV
1 + z
, (99)
where TCMB ≃ 2.735(1 + z)K is the CMB temperature at the epoch characterized by redshift z. Ref. [182]
comes to a very similar result for the cascade spectrum for all photon background spectra that fall off steeper
than ε−2. It was furthermore pointed out that near Ec the spectrum steepens to E
−5 when photon-photon
scattering becomes important [189]. This effect, however, becomes important only at redshifts larger than
about 100 and therefore does not play a role in viable TD scenarios where most of the cascade flux is
created at lower redshifts. The influence of photon backgrounds at energies above the CMB energies such
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as the IR/O backgrounds can approximately been taken into account by multiplying the right hand side
of Eq. (98) with exp[−τ(E)], where τ(E) is the optical depth for pair creation on these backgrounds at
energy E over the distance to the source.
Due to the short interaction lengths for PP and ICS above Ec, the cascade spectrum forms essentially
instantaneously on cosmological time scales. For E <∼ Ec, PP is strongly suppressed and ordinary pair
production, i.e. the Bethe-Heitler (BH) process, and Compton scattering (CS) become the dominant
processes. The photon energy attenuation length is then given by
l−1E (E) = nB
[
(1− Y )σBHH (E) + (Y/4)σBHHe (E) + (1− Y/2)ηCS(E)σCS(E)
]
, (100)
where nB is the baryon number density, Y is the mass fraction of
4He, σBHH and σ
BH
He are the BH cross
sections on hydrogen and 4He, and σCS and ηCS are cross section and inelasticity for CS. For z <∼ 103,
lE(E) >∼ H−10 (1 + z)−3/2, and the Universe is therefore transparent for the cascade photons which can be
directly observed as diffuse γ−ray background. In Fig. 27 the maximal instantaneous release of energy
ωcas that results from comparing Eq. (98) with the observed γ−ray background at 200MeV is shown as a
function of redshift.
The measurement of the diffuse γ−ray background between 30 MeV and 100 GeV [185] imposes con-
straints on the total amount of EM energy density ωcas ≃ 4.5 × 10−6 eV cm−3 injected and recycled by
cascading to lower energies. These constraints and their role for TD models have first been pointed out in
Ref. [430]. There, cascading in the CMB and the IR/O backgrounds was considered for EM injection at
comparatively low redshifts. An analytical estimate based on Eq. (98) with ωcas determined from the EHE
γ−ray fluxes in CEL approximation, Eq. (12), neglecting any EGMF, was given in Ref. [437]. Since the
diffuse γ−ray spectrum observed between ≃ 100MeV and ≃ 100GeV is roughly ∝ E−2.1 [185], the most
stringent limit is obtained at the highest energy. As a result, scenarios with p = 0 such as the simplest
TD models involving superconducting cosmic strings are ruled out altogether [437]. Further, in case of a
power law fragmentation function, scenarios with p = 1 such as models involving ordinary cosmic strings
or annihilation of magnetic monopoles and antimonopoles require the power law index to satisfy
q >∼ 2−
3/2
3 + log10(mX/10
23 eV)
, (101)
e.g., q >∼ 1.7 for a GUT scale mass mX = 1016GeV.
More accurate numerical calculations take into account the IR/O background as well as any EGMF
and the development of unsaturated cascades at UHE and its impact on the normalization of the energy
release. For the following the new estimates of the IR background [163] are assumed. In addition, to be
conservative in terms of scenarios obeying all constraints, the strongest URB version from Ref. [175] ( see
Fig. 10) is assumed. Fig. 28 shows results from Ref. [206] for the time averaged γ−ray and nucleon fluxes
in a typical TD scenario, assuming no EGMF, along with current observational constraints on the γ−ray
flux. The spectrum was optimally normalized to allow for an explanation of the observed EHECR events,
assuming their consistency with a nucleon or γ−ray primary. The flux below <∼ 2× 1019 eV is presumably
due to conventional acceleration in astrophysical sources and was not fit. Similar spectral shapes have
been obtained in Ref. [295], where the normalization was chosen to match the observed differential flux at
3×1020 eV. This normalization, however, leads to an overproduction of the integral flux at higher energies,
whereas above 1020 eV, the fits shown in Figs. 28 and 29 have likelihood significances above 50% (see
Ref. [403] for details) and are consistent with the integral flux above 3× 1020 eV estimated in Refs. [7, 8].
The PP process on the CMB depletes the photon flux above 100 TeV, and the same process on the IR/O
background causes depletion of the photon flux in the range 100 GeV–100 TeV, recycling the absorbed
energies to energies below 100 GeV through EM cascading (see Fig. 28). The predicted background is not
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very sensitive to the specific IR/O background model, however [487]. The scenario in Fig. 28 obviously
obeys all current constraints within the normalization ambiguities and is therefore quite viable.
We mention at this point, however, that TD scenarios are constrained by the true extragalactic contri-
bution to the diffuse γ−ray background which might be significantly smaller than limits on or measurements
of the diffuse γ−ray flux. This was indeed suggested recently [488] for the EGRET measurements near
1GeV which could be dominated by contributions from the Galactic halo. In addition, the bulk of the
extragalactic γ−ray background may be caused by unresolved blazars [489], although there is some dis-
agreement on this issue [490]; for example, a recent analysis indicates that only ≃ 25% of the diffuse
extragalactic emission can be attributed to unresolved γ−ray blazars [491]. Other sources such as sec-
ondary γ−rays from the interactions of CR confined in galaxy clusters also contribute to the extragalactic
γ−ray background [117]. In any of these cases the constraints on energy injection in TD models discussed
here would consequently become more stringent, typically by a factor 2–3. However, above ≃ 10GeV,
another component might be necessary and a cascade spectrum induced by decay of heavy particles of
energy beyond ≃ 100GeV seems to fit the observed spectrum between 10 and 100GeV [418], as can also
be seen in Fig. 28. Furthermore, the γ−ray background constraint can be circumvented by assuming that
TDs or the decaying long lived X particles do not have a uniform density throughout the Universe but
cluster within galaxies [389]. An example for this case will be discussed further below.
Fig. 29 shows results for the same TD scenario as in Fig. 28, but for a high EGMF ∼ 10−9G (somewhat
below the current upper limit [262]). In this case, rapid synchrotron cooling of the initial cascade pairs
quickly transfers energy out of the UHE range. The UHE γ−ray flux then depends mainly on the absorption
length due to pair production and is typically much lower [178, 256]. (Note, though, that for mX >∼ 1025
eV, the synchrotron radiation from these pairs can be above 1020 eV, and the UHE flux is then not as
low as one might expect.) We note, however, that the constraints from the EGRET measurements do not
change significantly with the EGMF strength as long as the nucleon flux is comparable to the γ−ray flux
at the highest energies, as is the case in Figs. 28 and 29. A more detailed discussion of viable TD models
depending on uncertainties in the fragmentation function, the mass and dominant decay channel of the
X particle, the URB, and the EGMF, has been given in Ref. [206]. The results of Ref. [206] differ from
those of Ref. [295] which obtained more stringent constraints on TD models because of the use of the older
fragmentation function Eq. (62), and a stronger dependence on the EGMF because of the use of a weaker
EGMF which lead to a dominance of γ−rays above ≃ 1020 eV.
Dubovsky and Tinyakov [492] have recently pointed out that there could be an extra component of
γ− rays that would dominate the flux shown in Figs. 28 and 29 around the trough at ≃ 1015 eV due
to synchrotron emission from the electron component of the extragalactic cascade hitting the Galactic
magnetic field. For TD models, such a component is predicted to be close to the observational upper limit
from the CASA-MIA experiment [258] (see Figs. 28 and 29). The detection of such a component would,
however, not necessarily be a signature of the top-down origin of EHECR because a similar component
would for the same reason be expected as an extension of the diffuse γ−ray background around ∼ 100GeV
if this background is produced by sources whose spectrum extends to >∼ 100TeV. Observations [328, 329]
suggest that to be the case for blazars which are also expected to significantly contribute to the diffuse
γ−ray flux observed by EGRET [489, 490].
The energy loss and absorption lengths for UHE nucleons and photons are short (<∼ 100 Mpc). Thus,
their predicted UHE fluxes are independent of cosmological evolution. The γ−ray flux below ≃ 1011 eV,
however, scales as the total X particle energy release integrated over all redshifts and increases with
decreasing p [437]. For mX = 2×1016GeV, scenarios with p < 1 are therefore ruled out (as can be inferred
from Figs. 28 and 29), whereas constant comoving injection models (p = 2) are well within the limits.
Since the EM flux above ≃ 1022 eV is efficiently recycled to lower energies, the constraint on p is in general
less sensitive to mX then expected from earlier CEL-based analytical estimates [430, 437].
A specific p = 2 scenario is realized in the case where the supermassive X particles have a lifetime
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longer than the age of the Universe and contribute to the cold dark matter and cluster with the large
scale structure, as discussed in Sect. 6.13. An example of the expected fluxes in this scenario is shown in
Fig. 30. In this context, we mention that a possible additional contribution to the γ−ray flux from the
synchrotron emission (in the Galactic magnetic field) of the electrons/positrons produced in the decays of
the MSRPs clustered in the Galactic halo has recently been calculated in Ref. [493]. This contribution,
however, seems to be smaller than the contribution from cascading of the extragalactic γ−ray component
shown in Fig. 30. Moreover, at least below ≃ 1015 eV, both components are unlikely to be detectable even
with next generation experiments because of the dominant well established fluxes that are higher by at
least a factor of 1000 at the relevant energies and are presumably due to conventional sources such as
blazars.
We now turn to signatures of TD models at UHE. The full cascade calculations predict γ−ray fluxes
below 100 EeV that are a factor ≃ 3 and ≃ 10 higher than those obtained using the CEL or absorption
approximation often used in the literature [406], in the case of strong and weak URB, respectively. Again,
this shows the importance of non-leading particles in the development of unsaturated EM cascades at
energies below ∼ 1022 eV. Our numerical simulations give a γ/CR flux ratio at 1019 eV of ≃ 0.1. The
experimental exposure required to detect a γ−ray flux at that level is ≃ 4× 1019 cm2 sec sr, about a factor
10 smaller than the current total experimental exposure. These exposures are well within reach of the
Pierre Auger Cosmic Ray Observatories [86], which may be able to detect a neutral CR component down
to a level of 1% of the total flux. In contrast, if the EGMF exceeds ∼ 10−11G, then UHE cascading is
inhibited, resulting in a lower UHE γ−ray spectrum. In the 10−9 G scenario of Fig. 29, the γ/CR flux
ratio at 1019 eV is 0.02, significantly lower than for no EGMF.
It is clear from the above discussions that the predicted particle fluxes in the TD scenario are currently
uncertain to a large extent due to particle physics uncertainties (e.g., mass and decay modes of the X
particles, the quark fragmentation function, the nucleon fraction fN , and so on) as well as astrophysical
uncertainties (e.g., strengths of the radio and infrared backgrounds, extragalactic magnetic fields, etc.).
More details on the dependence of the predicted UHE particle spectra and composition on these particle
physics and astrophysical uncertainties are contained in Ref. [206]. We summarize in Table 1, (adapted
from Ref. [206]), some of the scenarios that are capable of explaining the observed EHECR flux at least
above 100 EeV, without violating any observational constraints. The predicted compositions of the particles
below and above the GZK cutoff are also indicated. We stress here that there are viable TD scenarios
which predict nucleon fluxes that are comparable to or even higher than the γ−ray flux at all energies,
even though γ−rays dominate at production. This occurs, e.g., in the case of high URB and/or for a
strong EGMF, and a nucleon fragmentation fraction of ≃ 10%; see, for example, Fig. 29. Some of these
TD scenarios would therefore remain viable even if EHECR induced EASs should be proven inconsistent
with photon primaries (see, e.g., Ref. [72]).
The normalization procedure to the EHECR flux described above imposes the constraint Q0EHECR <∼
10−22 eV cm−3 sec−1 within a factor of a few [295, 206, 297] for the total energy release rate Q0 from TDs
at the current epoch (see also the benchmark calculation in Sect. 6.2.3). In most TD models, because
of the unknown values of the parameters involved, it is currently not possible to calculate the exact
value of Q0 from first principle, although it has been shown that the required values of Q0 (in order to
explain the EHECR flux) mentioned above are quite possible for certain kinds of TDs (see Sect. 6 for
details). Some cosmic string simulations suggest that strings may lose most of their energy in the form of
X particles and estimates of this rate have been given [417]. If that is the case, the constraint on Q0EHECR
translates into a limit on the symmetry breaking scale η and hence on the mass mX of the X particle: η ∼
mX <∼ 1013GeV [418, 298]. Independently of whether or not this scenario explains EHECR, the EGRET
measurement of ωcas leads to a similar bound, Q
0
EM
<∼ 2.2×10−23 h(3p−1) eV cm−3 sec−1, which leaves the
bound on η and mX practically unchanged. We may mention here that in most supersymmetric (SUSY)
GUT models, X particle (gauge and Higgs boson) masses smaller than about 1016GeV are disfavored from
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Table 1: Some viable p = 1 TD scenarios explaining EHECR at least above 100 EeV.
mX
a Fig. URB EGMFb FF fN mode Q
0c <∼ GZKd >∼ GZKd
1013 fν lν >∼ 400 Mpc for high URB, no EGMFe νν <∼31 γ γ
high any no-SUSY 10% qq 1.4 N N
<∼ med <∼ 10−11 no-SUSY <∼ 10% qq 1.4 N γ
high <∼ 10−11 no-SUSY 10% ql 0.88 N γ
<∼ med <∼ 10−11 any <∼ 10% ql 0.93 γ γ
any <∼ 10−11 – – ll, lν 1.3 γ γ
1014 fν lν >∼ 150 Mpc for high URB, no EGMFe νν <∼19 γ γ
high any no-SUSY 10% qq 1.3 N γ +N , Nf
<∼ med <∼ 10−10 no-SUSY <∼ 10% qq, qν 1.3 γ +N γ
any <∼ 10−11 any <∼ 10% ql 0.97 N γ
any <∼ 10−11 – – ll, lν 1.4 γ γ
1015 fν lν >∼ 500 Mpc for high URB, no EGMFe νν <∼25 γ γ
any any any 10% qq, ql, qν 1.3 N
<∼ med <∼ 10−11 any <∼ 10% qq, ql, qν 1.3
any <∼ 10−11 – – ll, lν 1.3 γ γ
1016 fν lν >∼ 3000 Mpc for high URB, no EGMFe νν <∼2.0 γ γ
28, 29 high any SUSY 10% qq 1.6 N γ +N , Nf
high <∼ 10−9 no-SUSY 10% qq 1.3 γ, Nf γ, γ +Ng
any <∼ 10−11 any <∼ 10% qq, ql, qν 1.9
<∼ med <∼ 10−11 – – ll, lν 1.6 γ γ
a in GeV.
b in Gauss.
c maximal total energy injection rate at zero redshift in units of 10−23 h eV cm−3 sec−1.
d dominant component of “visible” TD flux below and above GZK cutoff at ≃ 70 EeV; no entry means
different composition is possible, depending on parameters.
e viable for eV mass neutrinos if their overdensity fν over a scale lν obeys the specified condition, for
the case of high URB and vanishing EGMF; for weaker URB/stronger EGMF, the condition on fνlν re-
laxes/becomes more stringent, respectively.
f for EGMF >∼ 10−10 G.
g for EGMF >∼ 10−9 G.
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proton decay and other considerations; see, e.g., Refs. [494, 495]. However, if the relevant topological
defects are formed not at the GUT phase transition, but at a subsequent phase transition after the GUT
transition (see the final paragraph of Sect. 6.4.6), then depending on the model, the associated X particles
may not mediate baryon number violating processes, and so the proton decay constraints may not apply
to them, and then X particles of mass mX < 10
16GeV are not ruled out.
7.2 Constraints from Primordial Nucleosynthesis
For z >∼ 103, the Universe becomes opaque to the cascade photons discussed in the previous section [485].
These photons typically survive for a time ≃ lE(E) during which they have a certain chance to photo-
disintegrate a 4He nucleus, with corresponding effective cross sections σeffD/3He(E) for production of D or
3He.
This is possible as long as cascade cut off energy Ec(z) is larger than the
4He photo-disintegration threshold,
E
4He
th = 19.8MeV, or, from Eq. (99), z <∼ 3× 106. Instantaneous generation of a cascade spectrum jcasγ (E)
then leads to creation of D and 3He with number densities nD/3He ≃ (Y/4)nB
∫
dElE(E)4πj
cas
γ (E)σ
eff
D/3He(E),
or, using Eq. (100),
nD/3He ≃
∫
dE
4πjγ(E)Y σD/3He(E)
4(1 − Y )σBHH (E) + Y σBHrmHe(E) + (4− 2Y )ηCS(E)σCS(E)
. (102)
The measured photo-disintegration cross sections immediately imply(
3He
D
)
photo
>∼ 8 , (103)
i.e., “cascading nucleosynthesis” predicts much more 3He than D. On the other hand, data imply (3He/D)⊙ <∼
1.13 [496] for the abundances at the time of solar system formation and chemical evolution suggests
(3He/D)p <∼ (3He/D)⊙ for the primordial abundances. Therefore, 4He photo-disintegration can not be the
predominant production mechanism of primordial D and 3He, and altogether one has [437](
3He + D
H
)
photo
<∼ 5× 10−5 , (104)
which translates into an upper bound of EM energy release at redshifts 3 × 106 >∼ z >∼ 103 by either
applying Eq. (102) or more detailed Monte Carlo simulations [485]. Fig. 27 shows the resulting maximal
allowed instantaneous energy release as a function of redshift. We see that the resulting constraints from
primordial nucleosynthesis on the TD models discussed in Sect. 6 are comparable to but independent of
the constraints from the diffuse γ−ray background discussed in Sect. 7.1 [437].
7.3 Constraints from Distortions of the Cosmic Microwave Background
Early non-thermal electromagnetic energy injection can also lead to a distortion of the cosmic microwave
background. We focus here on energy injection during the epoch prior to recombination. A comprehensive
discussion of this subject is given in Ref. [497]. Regarding the character of the resulting spectral CMB
distortions there are basically two periods to distinguish: First, in the range 3× 106 ≃ zth > z > zy ≃ 105
between the thermalization redshift zth and the Comptonization redshift zy, a fractional energy release
∆u/u leads to a pseudo-equilibrium Bose-Einstein spectrum with a chemical potential given by µ ≃
0.71∆u/u. This relation is valid for negligible changes in photon number which is a good approximation for
the Klein-Nishina cascades produced by the GUT particle decays we are interested in [497]. Second, in the
range zy > z > zrec ≃ 103 between zy and the recombination redshift zrec the resulting spectral distortion
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is of the Sunyaev-Zel’dovich type [498] with a Compton y parameter given by 4y = ∆u/u. The most recent
limits on both µ and y were given in Ref. [499]. The resulting bounds on ∆u/u for instantaneous energy
release as a function of injection redshift [500] are shown as the dashed curve in Fig. 27.
The resulting bounds for the TD models are less stringent than the bounds from cascading nucleosyn-
thesis and the observable γ−ray background, but they still allow one to rule out the simplest model for
superconducting cosmic strings corresponding to p = 0.
7.4 Constraints on Neutrino Fluxes
As discussed in Sect. 6, in TD scenarios most of the energy is released in the form of EM particles and
neutrinos. If the X particles decay into a quark and a lepton, the quark hadronizes mostly into pions and
the ratio of energy release into the neutrino versus EM channel is r ≃ 0.3. The resulting diffuse UHE
neutrino fluxes have been calculated in the literature for various situations: Ref. [195] contains a discussion
of the (unnormalized) predicted spectral shape and Ref. [394] computes the absolute flux predicted by
specific processes such as cusp evaporation on ordinary cosmic strings. Ref. [200] calculated absolute fluxes
for the scenarios discussed in Sect. 6 by using a simple estimate of the neutrino interaction redshift as
mentioned in Sect. 4.3.1, and Ref. [196] improved on this by taking into account neutrino cascading in the
RNB. None of these works, however, took into account cosmological constraints on TD models such as the
ones discussed in Sect. 7.1−7.3.
Fig. 31 shows predictions of the total neutrino flux for the same TD model on which Fig. 28 is based,
as well as some of the older estimates from Ref. [200]. In the absence of neutrino oscillations the electron
neutrino and anti-neutrino fluxes that are not shown are about a factor of 2 smaller than the muon
neutrino and anti-neutrino fluxes, whereas the τ−neutrino flux is in general negligible. In contrast, if
the interpretation of the atmospheric neutrino deficit in terms of nearly maximal mixing of muon and
τ−neutrinos proves correct, the muon neutrino fluxes shown in Fig. 31 would be maximally mixed with
the τ−neutrino fluxes. To put the TD component of the neutrino flux in perspective with contributions
from other sources, Fig. 31 also shows the atmospheric neutrino flux, a typical prediction for the diffuse
flux from photon optically thick proton blazars [216] that are not subject to the Waxman Bahcall bound
and were normalized to recent estimates of the blazar contribution to the diffuse γ−ray background [491],
and the flux range expected for “cosmogenic” neutrinos created as secondaries from the decay of charged
pions produced by UHE nucleons [259]. The TD flux component clearly dominates above ∼ 1019 eV.
In order to translate neutrino fluxes into event rates, one has to fold in the interaction cross sections
with matter that were discussed in Sect. 4.3.1. At UHE these cross sections are not directly accessible to
laboratory measurements. Resulting uncertainties therefore translate directly to bounds on neutrino fluxes
derived from, for example, the non-detection of UHE muons produced in charged-current interactions. In
the following, we will assume the estimate Eq. (25) based on the Standard Model for the charged-current
muon-neutrino-nucleon cross section σνN if not indicated otherwise.
For an (energy dependent) ice or water equivalent acceptance A(E) (in units of volume times solid
angle), one can obtain an approximate expected rate of UHE muons produced by neutrinos with energy
> E, R(E), by multiplying A(E)σνN (E)nH2O (where nH2O is the nucleon density in water) with the
integral muon neutrino flux ≃ Ejνµ . This can be used to derive upper limits on diffuse neutrino fluxes
from a non-detection of muon induced events. Fig. 31 shows bounds obtained from several experiments:
The Frejus experiment derived upper bounds for E >∼ 1012 eV from their non-detection of almost horizontal
muons with an energy loss inside the detector of more than 140MeV per radiation length [501]. The EAS-
TOP collaboration published two limits from horizontal showers, one in the regime 1014 − 1015 eV, where
non-resonant neutrino-nucleon processes dominate, and one at the Glashow resonance which actually only
applies to ν¯e [502]. The Fly’s Eye experiment derived upper bounds for the energy range between ∼ 1017 eV
and ∼ 1020 eV [503] from the non-observation of deeply penetrating particles. The AKENO group has
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published an upper bound on the rate of near-horizontal, muon-poor air showers [504]. Horizontal air
showers created by electrons or muons that are in turn produced by charged-current reactions of electron
and muon neutrinos within the atmosphere have recently been pointed out as an important method to
constrain or measure UHE neutrino fluxes [107, 108] with next generation detectors. Furthermore, the
search for pulsed radio emission from cascades induced by neutrinos or cosmic rays above ∼ 1019 eV in the
lunar regolith with the NASA Goldstone antenna has lead to an upper limit comparable to the constraint
from the Fly’s Eye experiment [109].
The p = 0 TD model BHS0 from the early work of Ref. [200] is not only ruled out by the constraints
from Sect. 7.1−7.3, but also by some of the experimental limits on the UHE neutrino flux, as can be seen
in Fig. 31. Further, although both the BHS1 and the SLBY98 models correspond to p = 1, the UHE
neutrino flux above ≃ 1020 eV in the latter is almost two orders of magnitude smaller than in the former.
The main reason for this are the different flux normalizations adopted in the two papers: First, the BHS1
model was obtained by normalizing the predicted proton flux to the observed UHECR flux at ≃ 4×1019 eV,
whereas in the SLBY98 model the actually “visible” sum of the nucleon and γ−ray fluxes was normalized
in a optimal way. Second, the BHS1 assumed a nucleon fraction about a factor 3 smaller [200]. Third,
the BHS1 scenario used the older fragmentation function Eq. (61) which has more power at larger energies
(see Fig. 26). Clearly, the SLBY98 model is not only consistent with the constraints from Sect. 7.1−7.3,
but also with all existing neutrino flux limits within 2-3 orders of magnitude.
What, then, are the prospects of detecting UHE neutrino fluxes predicted by TD models? In a
1 km3 2π sr size detector, the SLBY98 scenario from Fig. 31, for example, predicts a muon-neutrino event
rate of ≃ 0.15 yr−1, and an electron neutrino event rate of ≃ 0.089 yr−1 above 1019 eV, where “backgrounds”
from conventional sources should be negligible. Further, the muon-neutrino event rate above 1 PeV should
be ≃ 1.2 yr−1, which could be interesting if conventional sources produce neutrinos at a much smaller flux
level. Of course, above ≃ 100TeV, instruments using ice or water as detector medium, have to look at
downward going muon and electron events due to neutrino absorption in the Earth. However, τ−neutrinos
obliterate this Earth shadowing effect due to their regeneration from τ decays [223]. The presence of
τ−neutrinos, for example, due to mixing with muon neutrinos, as suggested by recent experimental results
from Super-Kamiokande, can therefore lead to an increased upward going event rate [221]; see discussion
in Sect. 4.3.1. For recent compilations of UHE neutrino flux predictions from astrophysical and TD sources
see Refs. [217, 505] and references therein.
For detectors based on the fluorescence technique such as the HiRes [84] and the Telescope Array [85]
(see Sect. 2.6), the sensitivity to UHE neutrinos is often expressed in terms of an effective aperture a(E)
which is related to A(E) by a(E) = A(E)σνN (E)nH2O. For the cross section of Eq. (25), the apertures
given in Ref. [84] for the HiRes correspond to A(E) ≃ 3 km3 × 2π sr for E >∼ 1019 eV for muon neutrinos.
The expected acceptance of the ground array component of the Pierre Auger project for horizontal UHE
neutrino induced events is A(1019 eV) ≃ 20 km3 sr and A(1023 eV) ≃ 200 km3 sr [108], with a duty cycle
close to 100%. We conclude that detection of neutrino fluxes predicted by scenarios such as the SLBY98
scenario shown in Fig. 31 requires running a detector of acceptance >∼ 10 km3 × 2π sr over a period of
a few years. Apart from optical detection in air, water, or ice, other methods such as acoustical and
radio detection [43] (see, e.g., Ref. [104] and the RICE project [105] for the latter) or even detection
from space [87] appear to be interesting possibilities for detection concepts operating at such scales (see
Sect. 2.6). For example, the OWL satellite concept, which aims to detect EAS from space, would have an
aperture of ≃ 3× 106 km2 sr in the atmosphere, corresponding to A(E) ≃ 6× 104 km3 sr for E >∼ 1020 eV,
with a duty cycle of ≃ 0.08 [87]. The backgrounds seem to be in general negligible [196, 506]. As indicated
by the numbers above and by the projected sensitivities shown in Fig. 31, the Pierre Auger Project and
especially the OWL project should be capable of detecting typical TD neutrino fluxes. This applies to any
detector of acceptance >∼ 100 km3 sr. Furthermore, a 100 day search with a radio telescope of the NASA
Goldstone type for pulsed radio emission from cascades induced by neutrinos or cosmic rays in the lunar
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regolith could reach a sensitivity comparable or better to the Pierre Auger sensitivity above ∼ 1019 eV [109].
A more model independent estimate [297] for the average event rate R(E) can be made if the underlying
scenario is consistent with observational nucleon and γ−ray fluxes and the bulk of the energy is released
above the PP threshold on the CMB. Let us assume that the ratio of energy injected into the neutrino
versus EM channel is a constant r. As discussed in Sect. 7.1, cascading effectively reprocesses most of the
injected EM energy into low energy photons whose spectrum peaks at ≃ 10GeV [487]. Since the ratio
r remains roughly unchanged during propagation, the height of the corresponding peak in the neutrino
spectrum should roughly be r times the height of the low-energy γ−ray peak, i.e., we have the condition
maxE
[
E2jνµ(E)
] ≃ rmaxE [E2jγ(E)] . Imposing the observational upper limit on the diffuse γ−ray flux
around 10GeV shown in Fig. 31, maxE
[
E2jνµ(E)
]
<∼ 2× 103r eVcm−2sec−1sr−1, then bounds the average
diffuse neutrino rate above PP threshold on the CMB, giving
R(E) <∼ 0.34 r
[
A(E)
1 km3 × 2π sr
] (
E
1019 eV
)−0.6
yr−1 (E >∼ 1015 eV) . (105)
For r <∼ 20(E/1019 eV)0.1 this bound is consistent with the flux bounds shown in Fig. 31 that are dominated
by the Fly’s Eye constraint at UHE. We stress again that TD models are not subject to the Waxman Bahcall
bound because the nucleons produced are considerably less abundant than and are not the primaries of
produced γ−rays and neutrinos.
In typical TD models such as the one discussed above where primary neutrinos are produced by pion
decay, r ≃ 0.3. However, in TD scenarios with r ≫ 1 neutrino fluxes are only limited by the condition
that the secondary γ−ray flux produced by neutrino interactions with the RNB be below the experimental
limits. An example for such a scenario is given by X particles exclusively decaying into neutrinos [206]
(although this is not very likely in most particle physics models, but see Ref. [206] and Fig. 32 for a scenario
involving topological defects and Ref. [207] for a scenario involving decaying superheavy relic particles,
both of which explain the observed EHECR events as secondaries of neutrinos interacting with the RNB).
Another possibility is the existence of hidden sector (mirror) topological defects radiating hidden (mirror)
matter which interacts only gravitationally or via superheavy particles, whereas the mirror neutrinos can
maximally oscillate into ordinary neutrinos [507]. Such scenarios could induce appreciable event rates
above ∼ 1019 eV in a km3 scale detector. A detection would thus open the exciting possibility to establish
an experimental lower limit on r. Being based solely on energy conservation, Eq. (105) holds regardless of
whether or not the underlying TD mechanism explains the observed EHECR events.
The transient event rate could be much higher than Eq. (105) in the direction to discrete sources which
emit particles in bursts. Corresponding pulses in the EHE nucleon and γ−ray fluxes would only occur for
sources nearer than ≃ 100Mpc and, in case of protons, would be delayed and dispersed by deflection in
Galactic and extragalactic magnetic fields [260, 304]. The recent observation of a possible correlation of
CR above ≃ 4× 1019 eV by the AGASA experiment [81] might suggest sources which burst on a time scale
tb ≪ 1 yr. A burst fluence of ≃ r
[
A(E)/1 km3 × 2π sr
]
(E/1019 eV)−0.6 neutrinos within a time tb could
then be expected. Associated pulses could also be observable in the GeV − TeV γ−ray flux if the EGMF
is smaller than ≃ 10−15G in a significant fraction of extragalactic space [508].
In contrast, the neutrino flux is comparable to (not significantly larger than) the UHE photon plus
nucleon fluxes in the models involving metastable superheavy relic particles discussed in Sect. 6.13; see
Fig. 30. This can be understood because the neutrino flux is dominated by the extragalactic contribution
which scales with the extragalactic nucleon and γ−ray contribution in exactly the same way as in the
unclustered case, whereas the extragalactic “visible” contribution is much smaller in the clustered case.
Such neutrino fluxes would be hardly detectable even with next generation experiments.
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8 Summary and Conclusions
It is clear from the discussions in the previous sections that the problem of origin of EHECR continues to
remain as a major unsolved problem.
The EHECR present a unique puzzle: Recall that for lower energy cosmic rays (below about 1016 eV)
there is a strong belief that these are produced in supernova remnants (SNRs) in the Galaxy. However,
because of the twists and turns the trajectories of these particles suffer in propagating through the Galactic
magnetic field, it is not possible to point back to the sources of these particles in the sky, and one has
to take recourse to indirect arguments, such as those involving γ−ray production or other secondary
particle abundances, to establish the “evidence” that indeed these “low” energy cosmic rays are produced
in SNRs. The EHECR particles, on the other hand, are hardly affected by any intergalactic and/or
Galactic magnetic fields. Also, because of energy losses they suffer during their propagation through the
intergalactic space, the EHECR particles — if they are “standard” particles such as nucleons, heavy nuclei
and/or photons — cannot originate at distances much further away than about 60 Mpc from Earth. So
knowing (observationally) the arrival directions of the individual EHECR events, we should be able to do
“particle astronomy”, i.e., trace back to the sources of these EHECR particles in the sky. Yet, all attempts
toward this have generally failed to identify possible specific powerful astronomical sources (such as active
galactic nuclei, radio galaxies, quasars, etc., that could in principle produce these particles). In some cases
arrival directions of some EHECR events point to some quasars or radio galaxies, but those are generally
situated at distances well beyond 60 Mpc.
Apart from the problem of source identification, the other basic question is that of energetics. What
processes are responsible for endowing the EHECR particles with the enormous energies beyond 1011GeV?
As we have discussed in this review, conventional “bottom-up” acceleration mechanisms are barely able to
produce particles of such energies when energy loss processes at the source as well as during propagation
are taken into account.
The conventional bottom-up models thus face a two-fold problem: Energetics as well as source location.
It seems to be becoming increasingly evident — though this is far from established yet — that to solve
both problems together, some kind of new physics beyond the Standard Model of particle physics may
be necessary. In this report we have discussed several such proposals that are currently under study. We
summarize them here.
Currently, two types of distinct “scenarios” are being studied: In one of these scenarios, one still
works within the framework of the bottom-up scenario and assumes that there exist sources where the
requirements of energetics are met somehow; the source distance problem is then solved by postulating
any of the following:
• The EHECR are a new kind of particle, for example, a supersymmetric particle whose interactions
with the CMB is such that they suffer little or no significant energy loss during propagation, so
that they can reach Earth from cosmological distances. However, in this proposal, the new particles
must be produced as secondary particles at the source or during propagation through interactions of a
known accelerated particle such as proton with the medium. This has other implications such as asso-
ciated secondary γ−ray production which will have to confront various constraints from observation.
• The EHECR are known particles but they are endowed with new interaction properties. One possibil-
ity along this line is the suggestion that the neutrino interaction cross section at the relevant energies
receives dominant contributions from physics beyond the Standard Model which causes neutrinos to
interact in the atmosphere. In order not to violate unitarity bounds, this cross section can not be a
point cross section and/or high partial waves have to contribute significantly.
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• EHECR are “exotic” particles such as magnetic monopoles which are fairly easily accelerated to the
requisite energies by the Galactic magnetic field. This is an attractive proposal, because neither
energetics nor source distance is much of a problem. However, the problem with this proposal seems
to be that magnetic monopoles, because of their heavy mass, are unlikely to induce relativistic air-
showers.
• EHECR are nucleons and/or γ−rays that are produced within the GZK distance limit of ∼ 60
Mpc from Earth by interactions of sufficiently high energy neutrinos with the thermal relic neutrino
background. This mechanism is most effective if some species of neutrinos have a small mass of ∼ eV,
in which case the neutrinos play the role of hot dark matter in the Universe. This mechanism, if it
leaves some characteristic signature in the spectrum and/or composition of EHECR, has the potential
to offer an indirect method of “detecting” the relic massive neutrino dark matter background, but is
also strongly constrained by associated γ−ray production.
• EHECR are nucleons, but one allows small modifications to the fundamental laws of physics. One
specific proposal along this line is to postulate a tiny violation of Lorentz invariance, too small to have
been detected so far, which allows avoidance of the GZK cutoff effect for nucleons so that nucleons
can arrive to Earth from cosmological distances.
Clearly, all the above proposals involve new physics beyond the Standard Model.
In the other scenario, generally called “top-down” scenario, there is no acceleration mechanism involved:
The EHECR particles arise simply from the decay of some sufficiently massive “X” particles presumably
originating from processes in the early Universe. There is thus no problem of energetics. One clear predic-
tion of the top-down scenario is that EHECR should consist of “elementary” particles such as nucleons,
photons, and even possibly neutrinos, but no heavy nuclei.
Two classes of possible sources of these massive X particles have been discussed in literature. These
are:
• X particles produced by collapse, annihilation or other processes involving systems of cosmic topolog-
ical defects such as cosmic strings, magnetic monopoles, superconducting cosmic strings and so on,
which could be produced in the early Universe during symmetry-breaking phase transitions envisaged
in Grand Unified Theories. In an inflationary early Universe, the relevant topological defects could
be formed at a phase transition at the end of inflation. The X particle mass can be as large as a
typical GUT scale ∼ 1016GeV.
• X particles are some long-living metastable superheavy relic particles (MSRP) of mass >∼ 1012GeV
with lifetime comparable to or much larger than the age of the Universe. These X particles could be
produced in the early Universe in particle production processes associated with inflation, and they
could exist in the present day Universe with sufficient abundance as to be a good candidate for (at
least a part of) the cold dark matter in the Universe. These MSRP X particles are expected to
cluster in our Galactic Halo. Decay of these X particles clustered in the Galactic Halo (GH) can
easily explain the apparent absence of the GZK cutoff in the recent EHECR data.
In both of these top-down mechanisms, the decay of the X particles predominantly produce photons and
neutrinos, and their spectra at production is fixed by particle physics (QCD). The topological defect (TD)
model, as we have discussed in details in this review, is severely constrained by existing measurements and
limits on the diffuse gamma ray background at energies below 100 GeV that would receive a contribution
(through electromagnetic cascading process) from decay of TD-produced X particles at large cosmological
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distances. The MSRP X particles clustered in the GH are, however, not constrained by the diffuse gamma
ray measurements. Instead, the MSRP scenario is (or rather will be) constrained by measurements of
the anisotropy of UHECR, because a rather strong anisotropy is expected in this model because of the
off-center location of the Sun with respect to the Galactic center.
In the MSRP decay model, the observed spectrum of EHECR should essentially be the unmodified
injected spectrum resulting from the decay of the MSRPs. The precise measurements of the EHECR
spectrum can then be a probe of QCD at energies much beyond that currently available in accelerators.
The same would apply in the case of processes involving topological defects that can be clustered in the
GH (as in the case of monopolonium).
In addition to offering a variety of different kinds of probes of new physics, the measurement of the
EHECR spectrum by the next generation large detectors will be expected to yield significant new informa-
tion about fundamental physical processes in the Universe today. For example, observations of images and
spectra of EHECR by the next generation experiments will be able to yield new information on Galactic
and especially the poorly known extragalactic magnetic fields [262] and possibly their origin. This could
lead to the discovery of a large scale primordial magnetic field which potentially could open still another
new window into processes occurring in the early Universe.
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Figure 1: The CR all particle spectrum [509]. Approximate integral fluxes are also shown.
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Figure 2: Energy spectrum of UHECR measured by the AGASA experiment. The dashed curve represents
the spectrum expected for extragalactic sources distributed uniformly in the Universe. The numbers
attached to the data points are the number of events observed in the corresponding energy bins. (From
M. Takeda et al [8].)
117
10 23
10 24
10 25
10 26
10 17 10 18 10 19 10 20 10 21
Primary Energy(eV)
Jx
E3
 
(m
-
2 s
-
1 S
r-1
eV
2 )
Figure 3: Fly’s Eye monocular energy spectrum. Dots: data. Lines: predicted spectra for source energy
cutoff at different energies. Solid line: cutoff at 1019.6 eV. Dashed line: cutoff at 1020 eV. Chain line: cutoff
at 1021 eV. (From Yoshida and Dai [33]).
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Figure 4: Fly’s Eye stereo energy spectrum. Dots: data. Dotted line: best fit in each region. Dashed lines:
a two-component fit. (From Yoshida and Dai [33]).
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Figure 5: The Haverah Park energy spectrum. (From Yoshida and Dai [33]).
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Figure 6: The Yakutsk energy spectrum. (From Yoshida and Dai [33]).
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Figure 7: A compilation of anisotropy measurements (first harmonic Fourier amplitude and phase). North-
ern and southern hemisphere results are denoted by upward-pointing and downward-pointing triangles
respectively. (From Clay and Smith [76])
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Figure 8: The total photo-pion production cross section for protons (solid line) and neutrons (dashed line)
as a function of the photon energy in the nucleon rest frame, Elab.
123
Figure 9: The nucleon interaction length (dashed line) and attenuation length (solid line) for photo-pion
production and the proton attenuation length for pair production (thin solid line) in the combined CMB
and the estimated total extragalactic radio background intensity shown in Fig. 10 below.
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Figure 10: Contributions of normal galaxies (dotted curves), radio galaxies (long dashed curve), and the
cosmic microwave background (short dashed curve) to the extragalactic radio background intensity (thick
solid curves) with pure luminosity evolution for all sources (upper curves), and for radio galaxies only
(lower curves), from Ref. [175]. Dotted band gives an observational estimate of the total extragalactic
radio background intensity [173] and the dot-dash curve gives an earlier theoretical estimate [174] (From
Protheroe and Biermann [175]).
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Figure 11: Interaction lengths (dashed lines) and energy attenuation lengths (solid lines) of γ−rays in the
CMB (thin lines) and in the total low energy photon background spectrum shown in Fig. 5.3 with the
observational URB estimate from Ref. [173] (thick lines), respectively. The interactions taken into account
are single and double pair production.
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Figure 12: Energy attenuation lengths of electrons for various processes: Solid lines are for triplet pair
production, and dashed lines for inverse Compton scattering in the CMB (thin lines) and in the total low
energy photon background spectrum shown in Fig. 5.3 with the observational URB estimate from Ref. [173]
(thick lines). The dotted lines are for synchrotron emission losses in a large-scale extragalactic magnetic
field of r.m.s. strength of 10−11G (upper curve) and 10−10G (lower curve), respectively.
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Figure 13: Various cross sections relevant for neutrino propagation as a function of s [194, 197]. The sum∑
j fj f¯j does not include fj = νi , li , t ,W , or Z. (From D. Seckel [197]).
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Figure 14: Effective penetration depth of EM cascades, as defined in the text, for the strongest theoretical
URB estimate (solid lines), and the observational URB estimate from Ref. [173] (dashed lines), as shown
in Fig. 10, and for an EGMF ≪ 10−11G (thick lines), and 10−9G (thin lines), respectively.
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Figure 15: Contour plot of the UHECR image of a bursting source at d = 30Mpc, projected onto the
time-energy plane, with B = 2 × 10−10G, lc = 1Mpc, from Ref. [304]. The contours decrease in steps of
0.2 in the logarithm to base 10. The dotted line indicates the energy-time delay correlation τ(E, d) ∝ E−2
as would be obtained in the absence of pion production losses. Clearly, dθ(E, d) ≪ lc in this example,
since for E < 4× 1019 eV, the width of the energy distribution at any given time is much smaller than the
average (see Sect. 4.4). The dashed lines, which are not resolved here, indicate the location (arbitrarily
chosen) of the observational window, of length Tobs = 5yr.
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Figure 16: Energy spectra for a continuous source (solid line), and for a burst (dashed line), from Ref. [304].
Both spectra are normalized to a total of 50 particles detected. The parameters corresponding to the
continuous source case are: TS = 10
4 yr, τ100 = 1.3 × 103 yr, and the time of observation is t = 9× 103 yr,
relative to rectilinear propagation with the speed of light. A low energy cutoff results at the energy
ES = 4× 1019 eV where τES = t. The dotted line shows how the spectrum would continue if TS ≪ 104 yr.
The case of a bursting source corresponds to a slice of the image in the τE−E plane, as indicated in Fig. 15
by dashed lines. For both spectra, d = 30Mpc, and γ = 2..
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Figure 17: The logarithm of the likelihood, log10 L, marginalized over TS and N0 as a function of the
average time delay at 1020 eV, τ100, assuming a source distance d = 30Mpc. The panels are for pair # 3
through # 1, from top to bottom, of the AGASA pairs [81] (see Sect. 4.7.2). Solid lines are for γ = 1.5,
dotted lines for γ = 2.0, and dashed lines for γ = 2.5.
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(a) (b)
(c)
Figure 18: (a) Arrival time-energy histogram for γ = 2.0, τ100 = 50yr, TS = 200 yr, lc ≃ 1Mpc, d = 50Mpc,
corresponding to B ≃ 3× 10−11G. Contours are in steps of a factor 100.4 = 2.51; (b) Example of a cluster
in the arrival time-energy plane resulting from the cut indicated in (a) by the dashed line at τ ≃ 100 yr; (c)
The likelihood function, marginalized over N0 and γ, for d = 50Mpc, lc ≃Mpc, for the cluster shown in
(b), in the TS−τ100 plane. The contours shown go from the maximum down to about 0.01 of the maximum
in steps of a factor 100.2 = 1.58. Note that the likelihood clearly favors TS ≃ 4τ100. For τ100 large enough
to be estimated from the angular image size, TS ≫ Tobs can, therefore, be estimated as well.
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Figure 19: The distribution of time delays τE and energies E for a burst with spectral index γ = 2.4 at
a distance d = 10Mpc, similar to Fig. 15, but for the Supergalactic Plane scenario discussed in the text.
The turbulent magnetic field component in the sheet center is B = 3× 10−7G. Furthermore, a vanishing
coherent field component is assumed. The inter-contour interval is 0.25 in the logarithm to base 10 of the
distribution per logarithmic energy and time interval. The three regimes discussed in the text, τE ∝ E−2
in the rectilinear regime E >∼ 200EeV, τE ∝ E−1 in the Bohm diffusion regime 60EeV <∼ E <∼ 200EeV,
and τE ∝ E−1/3 for E <∼ 60EeV are clearly visible.
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Figure 20: The average (solid histogram) and standard deviation (dashed lines) with respect to 15 simulated
magnetic field realizations of the best fit spectrum to the data above 1019 eV for the scenario of a single
source in a magnetized Supergalactic Plane. This best fit corresponds to a maximal magnetic field in the
plane center, Bmax = 10
−7G, with all other parameters as in Fig. 19. 1 sigma error bars are the combined
data from the Haverah Park [3], the Fly’s Eye [7], and the AGASA [8] experiments above 1019 eV.
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Figure 21: Angular image of a point-like source in a magnetized Supergalactic Plane, corresponding to one
particular magnetic field realization with a maximal magnetic field in the plane center, Bmax = 5×10−8G,
all other parameters being the same as in Fig. 20. The image is shown in different energy ranges, as
indicated, as seen by a detector of ≃ 1◦ angular resolution. A transition from several images at lower
energies to only one image at the highest energies occurs where the linear deflection becomes comparable
to the effective field coherence length. The difference between neighboring shade levels is 0.1 in the
logarithm to base 10 of the integral flux per solid angle.
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Figure 22: Angular distribution in Galactic coordinates in scenarios where the UHECR sources with
spectral index γ = 2.4 are distributed according to the matter density and r.m.s. magnetic field strength in
the Local Supercluster, following a pancake profile with scale height of 5 Mpc and scale length and maximal
field strength Bmax in the plane center as indicated. The observer is within 2 Mpc of the Supergalactic
Plane whose location is indicated by the solid line and at a distance d = 20Mpc from the plane center.
The absence of sources within 2 Mpc from the observer was assumed. The color scale shows the intensity
per solid angle, and the distributions are averaged over 4 magnetic field realizations with 20000 particles
each.
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Figure 23: The distribution of events above 6 × 1019 eV in Supergalactic latitude for two scenarios with
a diffuse source distribution in a magnetized Supergalactic Plane, for Bmax = 0.5µG (thick histogram),
and for Bmax = 0.05µG (thin histogram), assuming 1.6
◦ angular resolution. The full angular distributions
for these cases were shown in the lower and upper panel of Fig. 22, respectively. The dash-dotted curve
represents a completely isotropic distribution.
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Figure 24: Best fit to the data above 1019 eV of the spectra predicted by two scenarios with diffuse sources
in a magnetized Supergalactic Plane whose predicted angular distributions were shown in the top and
bottom panel of Fig. 22 and in Fig. 23. The thick histogram is for Bmax = 0.5µG, with the observer 2Mpc
above the Supergalactic Plane, and the thin histogram is for Bmax = 0.05µG, with the observer in the
plane center. The cosmic variance between different realizations is negligible.
139
Neutron
star
White
dwarf
RG lobes
Galactic
disk
halo
SNR
E  ~  ZBLmax
AGN
Crab
Colliding
galaxies
Virgo
Clusters
Protons   =1
1 au       1 pc  1 kpc  1 Mpc
lo
g(
Ma
gn
et
ic
 f
ie
ld
, 
ga
us
s)
log(size, km)
-9
-3
3
9
15
Protons   =1/300β
Fe
β
3     6     9     12    15     18    21
x
β
x
Figure 25: The Hillas diagram showing size and magnetic field strengths of possible sites of particle
acceleration. Objects below the corresponding diagonal lines cannot accelerate protons (iron nuclei) to
1020 eV. βc is the charateristic velocity of the magnetic scattering centers. (This version courtesy Murat
Boratav.)
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Figure 26: The fragmentation function for Ejet = 5× 1015GeV in MLLA approximation with SUSY (thick
solid line peaking at 1012GeV) and without SUSY (thin solid line) [see Eq. (57)] in comparison to the
older expressions Eq. (61) (dashed line) and Eq. (62) (dotted line).
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Figure 27: Maximal energy release in units of the CMB energy density allowed by the constraints from the
observed γ−ray background [185] at 100MeV (dotted curve limiting left most range) and 5GeV (dotted
curve limiting next to left most range), CMB distortions (dashed curve, from Ref. [500]), and 4He photo-
disintegration as a function of redshift z. These bounds apply for instantaneous energy release at the
specified redshift epoch.
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Figure 28: Predictions for the differential fluxes of γ−rays (solid line) and protons and neutrons (dotted
line) in a TD model characterized by p = 1, mX = 10
16GeV, and the decay mode X → q + q, assuming
the supersymmetric modification of the fragmentation function, Eq. (57), with a fraction of about 10%
nucleons. The calculation used the code described in Ref. [206] and assumed the strongest URB version
shown in Fig. 10 and an EGMF ≪ 10−11G. 1 sigma error bars are the combined data from the Haverah
Park [3], the Fly’s Eye [7], and the AGASA [8] experiments above 1019 eV. Also shown are piecewise power
law fits to the observed charged CR flux (thick solid line) and the EGRET measurement of the diffuse
γ−ray flux between 30 MeV and 100 GeV [185] (solid line on left margin). Points with arrows represent
upper limits on the γ−ray flux from the HEGRA [257], the Utah-Michigan [510], the EAS-TOP [511], and
the CASA-MIA [258] experiments, as indicated.
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Figure 29: Same as Fig. 28, but for an EGMF of 10−9G.
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Figure 30: Same as Fig. 28, but for the case p = 2, where the decaying X particles are long lived and
contribute to cold dark matter, assuming an overdensity of 104 on the scale of the Galactic halo, ≃ 100 kpc.
Points with arrows represent approximate upper limits on the diffuse neutrino flux from the Frejus [501],
the EAS-TOP [502], and the Fly’s Eye [503] experiments, as indicated. The projected sensitivity for the
Pierre Auger project is using the acceptance estimated in Ref. [108], and the one for the OWL concept
study is based on Ref. [87], both assuming observations over a few years period.
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Figure 31: Predictions for the summed differential fluxes of all neutrino flavors (solid lines) from the
atmospheric background for different zenith angles [512] (hatched region marked “atmospheric”), from
proton blazars that are photon optically thick to nucleons but contribute to the diffuse γ−ray flux [216]
(“proton blazar”), from UHECR interactions with the CMB [259] (“cosmogenic”), for the TD model from
Ref. [200] with p = 0 (“BHS0”) and p = 1 (“BHS1”), and for the TD model from Fig. 28, assuming an
EGMF of <∼ 10−12G (“SLBY98”, from Ref. [206]). Also shown are the fluxes of γ−rays (dotted line), and
nucleons (dotted lines) for this latter TD model. The data shown for the CR flux and the diffuse γ−ray
flux from EGRET are as in Figs. 28 and 29. Points with arrows represent approximate upper limits on
the diffuse neutrino flux from the Frejus [501], the EAS-TOP [502], and the Fly’s Eye [503] experiments,
as indicated. The projected sensitivity for the Pierre Auger project is using the acceptance estimated in
Ref. [108], and the one for the OWL concept study is based on Ref. [87], both assuming observations over
a few years period.
146
Figure 32: Flux predictions for a TD model characterized by p = 1, mX = 10
14GeV, with X particles
exclusively decaying into neutrino-antineutrino pairs of all flavors (with equal branching ratio), assuming a
neutrino massmν = 1eV. For neutrino clustering, the lower limit from Table 1 was assumed, corresponding
to an overdensity of ≃ 30 over a scale of lν ≃ 5Mpc. The calculation assumed the strongest URB version
shown in Fig. 10 and an EGMF ≪ 10−11G. The line key is as in Figs. 28 and 30.
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